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ABSTRACT
Sorption of VOCs from the vapor phase to soils is an important variable 
in predicting VOC contaminant movement in unsaturated soils. Experiments 
were performed which evaluated the effects of soil moisture, carbonate, and 
organic matter content on VOC sorption. The sorbent used in these 
experiments was the fine fraction (less than 0.08 mm) of an arid soil from 
Southern Nevada. Sorption measurements were performed for ten VOC 
compounds: trichloroethylene (TCE); 1,1,1-trichloroethane (TCA); 
tetrachloroethylene (PCE); 1,1,2,2-tetrachlroethane (TeCA); benzene; toluene; 
ethylbenzene; chlorobenzene; heptane; and pentane. Inverse Gas 
Chromatography (IGC) was the primary method used to measure VOC sorption 
in these experiments. Use of the IGC method to measure sorption was also 
evaluated in this investigation, and the results from the experiments supported 
the use of the IGC method to measure sorption. The IGC method was also 
compared to a static method. The TCE sorption coefficients from both 
methods varied but were within the same orders of magnitude (1.54 ml/g for 
the IGC method and 9.10 ml/g for the static method). The IGC method, 
however, gave significantly more reproducible results than the static method. 
Sorption for all the evaluated VOCs decreased with increasing moisture, which 
supports the conclusions of previous studies. In one set of sorption 
experiments, sorption coefficient (Ks) for TCE decreased from 1.54 ml/g at 52%
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relative humidity (1.7% w/w moisture content) to 0.18 ml/g at 87% relative 
humidity (2.5% w/w). Non-reversibility in the water characteristic curve of 
water had significant implications for the sorption of VOCs in the soils. Sorption 
coefficients in the soil were not reversible when the relative humidity was 
incrementally increased and then decreased between 52% and 87% (1.7% to 
2.5% gravimetric moisture content). For example, Ks for TCE was 1.54 ml/g at 
52% relative humidity, then 0.18 ml/g when relative humidity was increased to 
87% relative humidity, and finally 0.11 ml/g when relative humidity was 
decreased from 87% to 52%. Sorption measurements were performed on soil 
treated with HCL (to remove the carbonate), H20 2 (to remove the existing 
organic matter in the soil) and humic acid (to add organic matter to the soil), as 
well as an untreated soil. The sorption results on the treated soils (a total of 4 
treatments) were compared to the sorption results on the untreated soil. This 
comparison indicated that none of these treatments created a profound change 
in sorption coefficients, although a noticeable increase in sorption coefficients 
for the chlorinated compounds (TCE, TCA, PCE, TeCA, and Chlorobenzene) 
was observed on the soil treated with an aqueous humic acid solution. For 
example, TCE increased from 1.54 mi/g for the untreated soil to 1.90 ml/g for 
the soil treated with an aqueous humic acid solution. Results from this study 
support the findings of previous studies that moisture content and soil surface 
area are the dominant influences on VOC sorption on unsaturated soils.
iv
TABLE OF CONTENTS
ABSTRACT............................................................................................................... iii
LIST OF TABLES ............................................................................................  vii
LIST OF FIGURES.............................................................................................. viii
ACKNOWLEDGEMENTS ................................................................................. x
CHAPTER 1 .......................................................................................................  1
INTRODUCTION .....................................................................................  1
BACKGROUND .....................................................................................  3
CHAPTER 2 .....................................................................................................  13
IGC AND STATIC SORPTION MEASUREMENTS ................................ 13
IGC Theory.................................................................................  13
Theory of the Static "Headspace" Method ................................ 18
EXPERIMENTAL MATERIALS AND METHODS....................................  20
Sorbent........................................................................................ 21
VOC Sorbates............................................................................  27
Sorption Measurements.............................................................  30
IGC Method...................................................................... 30
Static Method.................................................................... 37
CHAPTER 3 .....................................................................................................  41
RESULTS .......................................................................................................  41
DISCUSSION ...................................................................................................  47
IGC Effectiveness for Sorption Measurements ......................... 47
Moisture and Carbonate Effects on Sorption ...........................  50
Effects of Increasing Soil Moisture Content
and Removing Carbonate on Sorption...........................  50
Effects of Soil-Water Hysteresis on Sorption..................  65
IGC Method vs. Static Method.........................................  69
Organic Carbon Effects on Sorption................................ 72
v
CHAPTER 4 ......................................................................................................  86
CONCLUSIONS ............................................................................................  86
REFERENCES CITED ...................................................................................  90
APPENDIX I (INVERSE GAS CHROMATOGRAPHY CALCULATIONS) ___  94
APPENDIX II (STATIC METHOD CALCULATIONS)........................................113
vi
LIST OF TABLES
Table 1. Results of surface area and organic carbon content
measurements...................................................................................... 23
Table 2. Soil treatment for each chromatographic column used in IGC
experiments ........................................................................................ 25
Table 3. Organic carbon content of soil in columns 1, 4, and 6 ...................  28
Table 4. Molecular weight of VOCs used in sorption experiments ................  29
Table 5. Relative humidity (RH) of aqueous solutions saturated with three
specific salts at 2 5 °C ..........................................................................  38
Table 6. Average Sorption coefficients (ml/g) ± the standard deviation at 
various relative humidities (RH) using IGC method on the 
untreated soil ...................................................................................... 43
Table 7. Average Sorption Coefficients (ml/g) ± the standard deviation 
at various relative humidities (RH) using IGC on the HCL treated 
soil .....................................................................................................  44
Table 8. Average Sorption Coefficients (ml/g) ± the standard deviation
at various relative humidities (RH) using IGC on HCL treated soil . . .  45
Table 9. Average Sorption Coefficients (ml/g) ± the standard deviation 
for TCE at varying moisture contents on the fine fraction (less than 
0.08 mm) and fine sand fraction (0.85 mm to 0.08 mm) ..................  46
Table 10. Comparison of partitioning coefficients (Kg) from the IGC
sorption measurements performed in this study and partitioning 
coefficients ..........................................................................................  51
Table 11. Linear regression results between partitioning coefficients and relative 
humidity for six VOCs ........................................................................  53
Table 12. Comparision of surface areas and sorption coefficients ..............  71
v i i
LIST OF FIGURES
Figure 1. An example of a linear isotherm. When an isotherm is linear, the slope
equal the equilibrium distribution coefficient (Kg)....................................  6
Figure 2. Inverse Gas Chromatography (IGC) Experimental Apparatus . . . .  31
Figure 3. Chromatographic results on column 1 (untreated soil) at 52%
relative humidity for three concentration of TCE..................................  49
Figure 4. TCE linear regression results (predicted line and standard error 
of estimate [SEE]) for Kg vs. relative humidity from experiments on 
columns 1, 2, and 3 (COL 1, 2 and 3)...............................................  54
Figure 5. PCE linear regression results (predicted line and standard 
error of estimate [SEE] for Kg vs. relative humidity from 
experiments on columns 1, 2, and 3 (COL 1, 2, and 3).................... 55
Figure 6. TCA linear regression results (predicted line and standard error of 
estimate [SEE] for Kg vs. relative humidity from experiments on columns 
1, 2, and 3 (COL 1, 2, and 3).............................................................  56
Figure 7. TeCA linear regression results (predicted line and standard error of 
estimate [SEE] for Kg vs. relative humidity from experiments on columns 
1,2, and 3 (COL 1,2, and 3).............................................................  57
Figure 8. Benzene linear regression results (predicted line and standard error of
estimate [SEE]) for Kg vs. relative humidity from experiments on 
COLs 1,2, and 3.................................................................................. 58
Figure 9. Toluene linear regression results (predicted line and standard 
error of estimate [SEE]) for Kg vs. relative humidity from 
experiments on COL 1, 2, and 3).......................................................  59
Figure 10. Relative humidity vs. gravimetric moisture content for the soil
(fine fraction from RWMS soil) used in the IGC experiments............  61
Figure 11. Effects of TCE sorption coefficients when relative humidity was 
incrementally increased and decreased in experiments performed on 
column 1 (COL 1)...............................................................................  66
Figure 12. Effects of Benzene sorption coefficients when relative humidity was 
incrementally increased and decreased in experiments on column 1 . 67
Figure 13. Comparison between Kg for TCE on columns 4, 5, and 6 and Kg for 
TCE on columns 1, 2, and 3 using the correlation previously established 
for TCE between Kg v. RH....................................................................  74
Figure 14. Comparison between Kg for PCE on columns 4, 5, and 6 and Kg for 
PCE on columns 1, 2, and 3 using the correlation previously established 
for PCE between K, v. RH....................................................................  75
Figure 15. Comparison between Kg for TCA on columns 4, 5, and 6 and 
Kg for TCA on columns 1, 2, and 3 using the correlation previously 
established for TCA between Kg v. RH.................................................  76
Figure 16. Comparison between Kg for TeCA on columns 4, 5, and 6 and 
Kg for TeCA on columns 1, 2, and 3 using the correlation 
previously established for TeCA between Kg v. RH.............................. 77
Figure 17. Comparison between Kg for Benzene on COLs 4, 5, and 6 and 
Kg for Benzene on COLs 1, 2, and 3 using the correlation 
previously established for Benzene between Kg v. RH........................  78
Figure 18. Comparison between Kg for Toluene on COLs 4, 5, and 6 and 
Kg for Toluene on COLs 1, 2, and 3 using the correlation 
previously established for Toluene between Kg v. RH.......................... 79
ACKNOWLEDGEMENTS
I would like to thank my thesis committee co-chairmen, Dr. Spencer M. 
Steinberg and Dr. David K. Kreamer for providing the guidance and support 
throughout the project. In particular, if it was not for Dr. Steinberg’s continual 
prodding, humor, and technical guidance, I would not have finished. (I hope he 
can find another straight man.) I would also like to thank my other committee 
members, Dr. John W. Hess and Dr. Stanley C. Grenda for the adsorbing and 
absorbing discussions which helped shape my thesis.
I also appreciate the funding and support of Reynolds Electrical and 
Engineering Company (REECo) and the U.S. Department of Energy; especially, 
Dale Hammermeister, Dudley Emer, and Dale Daffern from REECo.
Thanks to my friends and fellow graduate students for their support and 
encouragement. One special person in particular, Lynn Metcalf, made this 
whole thesis ordeal tolerable. Her continual unconditional love and support, as 
well as her editing, helped me finish.
This thesis is dedicated to my parents, Stephen A. Schmeltzer and 
Kathleen T. Schmeltzer, who had faith in my ability and always supported me in 
my endeavors. I wish that they were here to share this accomplishment with 
me.
x
CHAPTER 1
INTRODUCTION
Contamination of soil and aquifer materials by volatile organic 
compounds (VOCs), such as benzene, toluene, and trichloroethylene, has 
become an environmental concern. Soil contamination by VOCs can occur in 
various ways such as surface spills and leaking underground storage tanks. 
The contamination of the subsurface usually occurs first in the vadose zone. 
Understanding VOC movement through the vadose zone is not only important 
in predicting contaminant movement from a known pollutant source but in 
developing vadose zone monitoring systems for early detection of VOC 
contaminant migration from sanitary and hazardous waste disposal facilities. 
Although water movement is considered the major transport mechanism for 
VOC movement through the vadose zone and possibly into the groundwater, 
VOC transport, via vapor-phase diffusive and possibly advective processes, is 
another possible pathway by which contaminants can migrate through the 
vadose zone and into the groundwater. Understanding the factors that affect 
gaseous diffusion is important to evaluate VOC movement in unsaturated soils.
One process that affects VOC vapor movement (diffusion and advection) 
in the vadose zone is sorption. Sorption is defined as the transfer and
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attachment of molecules to the surface area of the sorbent (soil minerals or 
organic matter) and the uptake of molecules into the sorbent (Morrill et at., 
1982). Sorption studies have indicated that moisture content and soil surface 
area are the primary factors affecting VOC vapor sorption in unsaturated soils 
(e.g., Steinberg and Kreamer, 1993; Oja and Kreamer, 1992; Pennel etal.,
1992; Yardon etal., 1989; Peterson etal., 1988; and Chiou and Shoup, 1985). 
Other soil variables such as calcium carbonate and organic matter content in 
the soil could have an effect on sorption, but very few studies have been 
conducted to evaluate the effect that soil calcium carbonate and organic matter 
have on sorption in unsaturated soils. This study provides experimental data on 
how three different soil variables (soil moisture, carbonate, and organic matter) 
affect VOC vapor sorption in unsaturated soils.
Most measurements of VOC vapor sorption on soils are determined from 
laboratory experiments. Many researchers have performed laboratory sorption 
measurements using static methods (e.g., Houston etal., 1989; Yardon etal., 
1989; English and Loehr, 1989; and Peterson et a/., 1988). Another method 
that has recently been used is a dynamic method known as Inverse Gas 
Chromatography (IGC) (Steinberg and Kreamer, 1993 and Goss, 1992). This 
study also evaluates the use of the IGC method for measuring VOC sorption 
onto soils.
BACKGROUND
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Diffusion and advection of VOC vapor through the vadose zone can be a 
major pathway of contaminant migration. In most cases, diffusion is the 
dominant transport mechanism of VOCs in the vadose zone (Culver et a!.,
1991). The diffusion pathway has been considered in many contaminant 
transport models (e.g., Culver etal., 1991; Mendoza and McAlary, 1990; 
Kreamer et at., 1988; and Weeks et at., 1982). All these models address the 
effects of sorption. Sorption onto the soil matrix (VOC sorption in particular) 
retards the movement of many contaminants. The degree of sorption depends 
on the soil conditions and physiochemical properties of the contaminants and 
soil (Weber et at., 1991). Culver et al. (1991) stated that recent studies (e.g., 
Peterson et al., 1988) showed that sorption in water unsaturated soil conditions 
can be orders of magnitude greater than sorption in water saturated soil 
conditions. (For the remaining text, unsaturated or saturated soil conditions 
means water unsaturated and saturated soil conditions, unless stated 
otherwise.) Most vadose zone contaminant transport models, however, assume 
that sorption values for saturated soils are applicable for unsaturated conditions. 
This assumption, according to Culver etal. (1991), does not accurately reflect 
the processes that are occurring in unsaturated soils. Greater understanding of 
the factors that do affect sorption under unsaturated conditions is required to 
accurately predict contaminant movement in the vadose zone.
Vapor sorption includes adsorption and absorption. Vapor adsorption is 
the attraction and adhesion of a vapor to the surface of soil minerals or organic 
matter in the soil. Vapor absorption is defined as the process where a vapor is 
partitioned (dissolved) into the soil organic matter or the soil. Whether a 
compound is being held by adsorption or absorption is difficult to distinguish; 
therefore, the term sorption is often used to describe both processes.
Vapor sorption is often described as vapor-phase partitioning, which is 
the ratio of the VOC concentration of the VOC in the gas phase to the VOC 
concentration sorbed onto the soil at equilibrium. A plot of this relationship, the 
concentration of VOCs in the gas phase versus the concentration of VOC 
sorbed onto the soil, is called a sorption isotherm. A sorption isotherm 
describes how a specific compound will partition onto soil at a given 
temperature and at equilibrium.
Under saturated conditions, sorption isotherms can usually be described 
or modeled using the Freundlich equation (Olsen and Davis, 1990):
S=KdC n ( 1 )
where:
S = sorbate concentration sorbed onto soil (moles/grams)
C = sorbate concentration dissolved in water 
Kd = equilibrium distribution coefficient 
n = empirical constant
Equation 1 was first applied to environmental studies to describe 
partitioning of VOCs between groundwater and soil, but the Freundlich equation 
can also be used to determine the partitioning of VOCS in the vapor phase to 
VOCs sorbed onto the soil under unsaturated conditions (Kreamer et al., 1993). 
The vapor-soil equilibrium distribution coefficient or vapor soil partitioning 
coefficient is designated in this present study as Ks.
Results from studies by Steinberg and Kreamer (1993), Kreamer et. al. 
(1993), Pennel et al. (1992), Ong and Lion (1991a and 1991b), and Peterson et 
al. (1988) found that vapor-soil sorption isotherms of VOCs at low 
concentrations on unsaturated soils were linear; therefore, "n" is close to one. 
When an isotherm is linear, the slope of the isotherm is the equilibrium 
distribution coefficient, Ks (Figure 1). Organic pollutant concentrations in the 
vapor phase are typically low in soil environments. For this reason, 
mathematical models of contaminant transport for unsaturated as well as 
saturated soil conditions often assume that partitioning (i.e., sorption) of VOCs 
follows a linear isotherm. A linear isotherm results in a significant simplification 
in the mathematical modeling process.
Another assumption is that equilibrium between the contamination (VOC 
vapor in particular) and the soil is instantaneous (Steinberg and Kreamer, 1993). 
This assumption ignores slow sorption and desorption kinetics. Steinberg and 
Kreamer (1993) and Houston et al. (1989) indicated that binding sites for 
sorption of VOCs can occur as rapid equilibrium sites and slow sorption sites.
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Figure 1. An example of a linear isotherm. When an isotherm is linear, the 
slope equal the equilibrium distribution coefficient (Ks).
Rapid equilibrium binding sites can be described using linear isotherms. The 
slow sorption sites, on the other hand, are more complicated to describe 
mathematically and cannot be modeled by a linear isotherm because 
equilibrium has not been attained. Evidence of slow sorption and desorption 
can be found in areas where persistent contamination by various VOCs has 
occurred. For example, Steinberg et al. (1987) found concentrations of 
ethylene dibromide (EDB) in soil samples from fields that were last treated with 
fumigants containing EDB over 20 years previously.
Steinberg and Kreamer (1993), however, stated that although slow 
sorption kinetics is often ignored in most sorption studies, the assumption of 
simple equilibrium (rapid binding sites only) is probably reasonable for a 
majority of the VOC mass released into soil. This study focuses on sorption of 
VOCs in the rapid binding sites and the soil conditions that affect sorption in 
these sites.
According to Karickhoff (1984), soil organic carbon dominates the 
sorption process of VOCs in saturated soils. A major factor that causes 
dissolved VOCs in saturated soils to partition into organic matter is hydrophobic 
effects, which reflect the tendency of hydrophobic compounds to exclude water. 
Sorption of VOCs by soil minerals under saturated conditions is assumed 
negligible because water is more polar and completely occupies potential 
sorption sites.
In saturated soil conditions, empirical equations have been developed to 
estimate sorption as a function of the organic carbon content in soil and the 
octanol-water partitioning coefficient (Karickhoff, 1984; Olsen and Davis, 1990; 
and Fetter, 1993). In unsaturated soil conditions, prediction of VOC sorption is 
more difficult. Pennel et al. (1992) proposed that VOC sorption in unsaturated 
soil is multi-mechanistic (i.e., sorption onto the soil mineral surface, organic 
matter, and the soil water). The relative importance of these mechanisms, 
according to Pennel et al. (1992), was dependent on moisture content, soil 
surface area, and the organic carbon content.
Results of past sorption studies (e.g., Chiou and Shoup, 1985; Peterson 
etal., 1988; Houston etal., 1989; Yardon etal., 1989; and Steinberg and 
Kreamer, 1993) have indicated that an increase in the soil moisture greatly 
reduces the sorption of VOC vapors onto soil, in some cases by orders of 
magnitude. VOC vapor sorption decreases with increasing soil moisture 
because the polar water molecules have a greater affinity for available sorption 
sites on soil than the nonpolar VOCs. For example, Ong and Lion (1991b) 
found that TCE sorption coefficients for the Morris soil, a soil from New York 
reduced from 828 ml/g to 3.58 ml/g when the gravimetric soil moisture content 
was increased from 0% (oven-dried) to 0.71% (air-dried). Steinberg and 
Kreamer (1993) found similar results in their experiments on a calcareous soil 
from Southern Nevada. Their results indicated that sorption coefficients
for TCE decreased from 45 ml/g to 0.4 ml/g when relative humidity in the soil 
was increased from 1.5% to 15%.
Gravimetric soil moisture content and relative humidity are commonly 
used in sorption studies to describe the soil moisture condition. Gravimetric 
moisture content is the ratio (as a percentage) between the water mass in the 
soil and the oven-dried soil mass. Soil relative humidity is the degree of 
saturation of soil air by water vapor. If soil is exposed to air with a constant 
relative humidity, the soil will either sorb or desorb water (depending on the 
initial moisture condition in the soil) until equilibrium is reached. A correlation 
between gravimetric moisture content and relative humidity can be made but is 
contingent on whether the soil is wetted or dried to reach a specific relative 
humidity (Ong and Lion, 1991a). Soil moisture content would be lower if an 
oven-dried soil is wetted instead of dried to reach a specific relative humidity. 
The reason for this difference is water-soil hysteresis, which is the phenomenon 
where the water sorption and desorption isotherm for soil are significantly 
different.
Ong and Lion (1991b) proposed that when water in the soil covers less 
than one monolayer over the soil mineral surface area, sorption is a function of 
the soil mineral surface area. When water covers between one and five 
monolayers, sorption is reduced significantly (by orders of magnitude). Ong 
and Lion (1991b) further hypothesized that TCE is no longer directly sorbed 
onto the soil mineral surface but onto water molecules held by the soil (i.e.,
partitioning on and into the gas-liquid interface). Minimum sorption occurs 
under these conditions. In excess of five monolayers, Ong and Lion (1991b) 
contended that TCE can dissolve into the water because the influence of the 
soil on the outlying monolayers is diminished. Under these moisture conditions 
sorption increased slightly (Ong and Lion, 1991 a and 1991b). They also 
asserted that under high moisture conditions, Henry’s law constants can be 
used to estimate the partition coefficient of TCE on soils with low organic 
carbon content. Pennell et al. (1992), however, found that the amount of 
sorption could not be accounted for by using Henry’s law constants alone. The 
authors proposed that significant sorption of p-xylene occurred through 
adsorption at the gas-liquid interface as well as dissolution into the soil water.
This division of sorption mechanisms by layers of water molecules 
proposed by Ong and Lion, (1991a and 1991b) assumed that water molecules 
are distributed evenly throughout the soil. This assumption is questionable 
because such factors as water-soil hysteresis and hydrogen bonding between 
water molecules can distribute water molecules unevenly throughout the soil.
Little work has been conducted on the effect of water hysteresis on 
sorption coefficients. Goss (1992) found that water-soil hysteresis did not 
change sorption coefficients; however, his experiments were performed on 
quartz sand, which has a small surface area and likely has very little pore 
structure. In this present study, experiments were performed to evaluate the 
effects of moisture on sorption partition coefficients of several VOCs using the
soil extracted from Area 5 of the Nevada Test Site as the sorbent. Experiments 
were also performed to evaluate the impact of water-soil hysteresis on sorption 
coefficients by varying the soil relative humidity.
Another soil variable that could influence vapor sorption in unsaturated 
soils is organic matter. Under saturated conditions, VOC sorption is a function 
of the amount of organic matter in the soil. The role of organic matter in 
sorption of VOC vapors under unsaturated conditions is not as apparent.
Chiou and Shoup (1985) proposed that organic matter plays an increasing role 
in sorption as soil moisture increases. They found that at approximately 90% 
relative humidity, sorption coefficients were very close to coefficients measured 
for saturated conditions.
In TCE sorption experiments using several soils, Ong and Lion (1991a) 
found a strong correlation between organic carbon content and sorption of TCE 
on soils at various moisture contents ranging from air-dried soils to soils at field 
capacity. They cautioned, however, that mineral surface area could still play an 
important part in sorption, especially near air-dried moisture conditions. 
Steinberg and Kreamer (1993) suggested that, at high humidities, water reduces 
the availability of sorption sites on the mineral surfaces; therefore, organic 
matter could become the governing mechanism for sorption at high relative 
humidities.
Steinberg and Kreamer (1993) determined sorption coefficients of six 
VOCs for two soil fractions: a silt to clay size fraction and a medium-to-fine size
fraction. The organic carbon content of the soil used in their study was less 
than 1%. Sorption experiments for both size fractions were performed at 52% 
relative humidity. The sorption coefficients for the clay were higher than the 
medium-to-fine sands; however, the two data sets correlated well and 
suggested that the sorption mechanism between the two size fractions is the 
same and is at least partially dependent on available surface area (Steinberg 
and Kreamer, 1993).
In this present study, experiments were conducted to evaluate the impact 
of organic carbon content on sorption. These experiments were performed 
near air-dried condition (58% relative humidity) to compare with the results from 
Ong and Lion (1991a) and Steinberg and Kreamer (1993).
As stated earlier, one soil parameter that has not been considered in 
sorption studies is the calcium carbonate content in the soil. In arid 
environments, soils commonly contain calcium carbonate that can coat soil 
mineral surfaces and cement particles together, which affects soil micro­
porosity. Whether calcium carbonate influences the effective surface area of 
soil is not certain. Experiments were also performed in this study to determine 
if calcium carbonate within soil plays a noticeable role in vapor sorption.
CHAPTER 2
IGC AND STATIC SORPTION MEASUREMENTS
Various approaches have been used to measure sorption. These 
approaches can be divided into two general categories: dynamic and static. 
Dynamic methods include those described by Chiou and Shoup (1985), Goss
(1992), and Steinberg and Kreamer (1993). Static methods include those 
described by Peterson etal. (1988), English and Loehr (1989), Houston et 
al. 1989, and Yardon etal. (1989).
In this study, a dynamic method and a static method were employed to 
measure sorption of VOCs. The dynamic approach described in Steinberg and 
Kreamer (1993), Inverse Gas Chromatography (IGC), was used to measure 
vapor sorption in the majority of these experiments. Static measurements of 
VOC sorption were measured by using a headspace method (Peterson et al., 
1988).
IGC Theory
Sorption of VOC vapor onto soil can be measured using gas 
chromatography. A gas chromatograph is usually used to quantify and
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separate organic compounds, but in inverse chromatography, the concern is 
with the interaction between the sorbate and the uncharacterized 
chromatographic sorbent within the column. In this application of the IGC 
theory, the chromatographic sorbent within the column is soil. A major 
assumption in the IGC theory is that the ideal chromatography equation 
(Paryjczak, 1986) describes the chromatographic process:
( | £ ) x(i+(_£L) ( | £ )  =-u( | £ ) t (2)
a t  x Vce dc x dx c
where:
q = sorbate concentration on soil (mol/grams) (mol/g) 
m = mass of soil (g)
Vc = volume of soil column (ml) 
e = soil porosity in column (dimensionless) 
t = time (minutes)(min)
x = position along length of column (centimeter) (cm) 
u = carrier velocity (cm/min)
If the dq/dc term in this equation is constant, then Equation 2 can be 
simplified to calculate the sorption partitioning coefficient (Ks) using the following 
equation (Steinberg and Kreamer, 1993):
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Ks=(Tt-T0) ^  ( 3 )s I  o  m
where:
Tr = retention time of the sorbate (min)
T0 = retention time of a nonsorbing gas (methane) (min)
F0 = average volumetric flow rate through column (ml/min) 
m = mass of soil in column (g)
Kg = sorption partition coefficient (ml/g) 
note: The retention time for symmetric chromatograms is defined as the time 
from when a VOC sample is injected into the GC to when the peak of the 
chromatogram occurs.
For Equation 3 to be valid, the following conditions and assumptions 
must apply.
1. Carrier gas compression is minor.
2. The sorbate concentration within the carrier gas is negligible 
compared to total carrier gas concentration.
3. Diffusive and dispersive processes are negligible.
4. Retention time variances are a result of sorption.
5. Sorption coefficient Kg is independent of concentration (i.e., dq/dc is 
constant), which implies a linear isotherm.
6. Equilibrium is instantaneous.
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When the retention times and shape of the resulting chromatograms are 
independent of sorbate concentration and independent of flow rate, the 
conditions and assumptions for Equation 3 are met. Steinberg and Kreamer
(1993) suggested that the shape of the chromatogram provides insight into 
sorption kinetics. A symmetric chromatogram indicates linear sorption. A 
highly asymmetric chromatogram suggests that either the sorption isotherm is 
non-linear or a result of slow desorption kinetics. The results from the IGC 
sorption experiments performed in this study were evaluated to determine if the 
conditions and assumptions for Equation 3 were valid.
Carrier gas compression affects sorption measurements. A pressure 
gradient through the column can cause carrier gas to compress which results in 
unsteady carrier gas flow through the column. This unsteady flow can create 
an asymmetric chromatogram because carrier gas flow is higher during the 
front of the chromatographic peak. A short chromatographic column 
(approximately 10 cm) minimizes the potential of carrier gas compression by 
reducing the pressure drop across the column. Steinberg and Kreamer (1993) 
accounted for the effects of pressure and temperature on the volumetric carrier 
gas flow using the following equation:
T  (P - P  ) (4)
1 m m
where:
Fm = measured flow rate through the soil column (ml/min) using a
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bubble flowmeter attached to the outlet port of the gas chromatograph 
Tc = soil column temperature (K)
Tm = flowmeter temperature (i.e, ambient laboratory temperature)(K)
Pm = ambient laboratory air pressure (atm)
Pw = vapor pressure of water at (atm)
j = a pressure gradient factor
Fc = volumetric flow rate through column (ml/min)
The parameter j is determined by the following equation (Condor and 
Young, 1979)
P.  2
(-=*) " I
H - F - i -  <5)
( p i )  _1
where:
P, = inlet pressure (atm) 
P0 = outlet pressure (atm)
Preliminary experiments for this present study found that when the 
pressure gradient was small (e.g., less than 0.3 atm), the pressure gradient 
factor Q was approximately one, which indicated that gas compression was 
minimal. For this reason, the assumption that carrier gas does not compress is 
acceptable under the IGC conditions evaluated in this present study. The
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specific experimental layout and procedure used to determine sorption 
coefficients using the IGC method is described in the Material and Methods 
Section.
Theory of the Static ''Headspace" Method
Application of the headspace theory requires a system where soil mass 
is known and where the mass of a VOC in the vapor phase and in the total
system can be determined. If a system can be created where decreases in
VOC vapor concentration can be attributed only to sorption, then the following 
mass balance equation can be used to calculate sorption when the system is at 
equilibrium:
T=VgCg ( l  + - £ - ^ )  (6)vg cg
where:
T = the total mass of the VOC in the system (g)
Vg = volume of vapor (ml)
Cg = gas concentration in vapor (mol/ml)
Cs = gas concentration on solid (mol/ml) 
m = mass of solid (g)
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The partition coefficient or sorption coefficient (Kg) is defined as Cs/Cg; 
therefore Ks can be substituted for Cs/Cg and Equation 6 can be arranged to 
solve for K •
i-f v
( 7 )
fg m
where:
fg = VgCg/T (fraction of VOC in vapor phase)
Various containers have been used by different researchers to measure 
sorption using headspace theory. These containers must be made of non or 
minimal sorbing material, must be leak-proof, and must provide means for 
extracting VOC vapor in the headspace of the container. Houston et al. (1989) 
and Kreamer et al. (1993) used a stainless steel container. English and Loehr 
(1989) and Peterson et al. (1988) used glass vials with teflon-coated caps. In 
this study, the containers used in the static experiments was similar to the vials 
used by Peterson et al. (1988). The specific method and procedure used to 
find Ks by the headspace method is described in the Experimental Material and 
Methods Section.
EXPERIMENTAL MATERIALS AND METHODS
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The experimental design used in this study was developed to determine 
the influence of soil carbonate, organic matter, and moisture content on VOC 
vapor sorption in unsaturated soils. Sorption measurements which evaluated the 
effects of soil carbonate and organic matter on sorption were determined using 
the IGC method. Sorption measurement which evaluated the effect of moisture 
on sorption were performed using both the IGC and headspace method. The 
sorbent used in these experiments was soil obtained from the Nevada Test Site. 
(A more detailed description of the sorbent is described in the next section 
[Sorbent]).
Different treatments were performed on the soil to evaluate the 
contribution of soil carbonate and organic matter to sorption. The specific 
treatments used to evaluate the contribution of carbonate and organic matter 
are also described in the next section (Sorbent).
The effects of moisture content were evaluated using both the 
headspace and IGC method. With the headspace method, moisture content 
was evaluated by adding a known amount of water to the glass vial containing 
the soil. In the IGC method, the effects of moisture content were determined by 
varying (increasing and decreasing) the relative humidity in soil columns. 
Because the IGC method is a dynamic method, the relative humidity within the 
GC column can be adjusted. This ability to increase and decrease the relative
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humidity in a column allows the effect of soil wetting and drying (soil-water 
hysteresis) on sorption to be evaluated. The specific procedure to adjust the 
relative humidity will be discussed later in this chapter.
Sorbent
The sorbent used in the sorption experiments was soil removed from an 
excavated pit within the Nevada Test Site (NTS) at the Area 5 Radioactive 
Waste Management Waste Site (RWMS). The Area 5 RWMS is located in an 
arid environment where several alluvial fans coalesce (Schmeltzer et al., 1993). 
Materials in these pits are alluvial deposits from Tertiary volcanic and Paleozoic 
carbonate rocks. Snyder et al. (1993) found evidence of paelosol development 
at several different levels. Soil used in the experiments was collected within the 
pits from stratigraphic layers which contained evidence of paelosol 
development. Size fractions of the soil were separated by dry sieving. The fine 
fraction (less than 0.08 mm) of this soil was used in all IGC sorption 
experiments. The fine to medium sand fraction (0.08 mm to 0.85 mm) was 
used in the static experiments.
Six aliquots randomly extracted from the fine fraction were evaluated 
using X-ray diffraction, and the results from the X-ray diffraction were similar.
Soil mineralogy of all six aliquots soil consisted primarily of calcite, quartz, and 
anorthite. Although not identified, this soil likely contains clay minerals. Even if
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the amounts of clay minerals are small, they have a greater surface area and 
more VOC sorption sites than other minerals, such as calcite, quartz, and 
anorthite. At low concentrations, clay minerals are not readily identified using X- 
ray diffraction. More fractionation of the soil is required before X-ray diffraction 
can determine the clay minerals (if any) in the soil. Unfortunately, a more 
detailed analysis of the soil mineralogy was not conducted. Subsequent 
sorption studies using this soil should include an analysis which determines clay 
mineral composition and quantity in the soil.
Surface area of the two size fractions were measured by Quantachrome 
Corporation (Syossett, NY) using the Brunaur-Emmet-Teller (BET) method 
(Lowell and Shield, 1991). The organic carbon content of the soil fractions were 
measured by Fruit Growers Laboratory (Santa Paula, CA) using a dry 
combustion method (USEPA, 1983). The percent organic carbon (% O.C.) was 
also estimated for the fine fraction using a modified wet combustion method 
(Steinberg, personal communication, 1993). Results of the surface area and 
organic carbon content measurements are shown in Table 1.
Variance in the organic carbon content of the fine fraction between the 
dry and modified wet combustion methods can be partly attributed to using two 
different methods. The values, however, differ by an order of magnitude. The 
dry combustion values appear high for an arid soil. Organic carbon content in 
arid soils is usually low; therefore, the organic carbon content of the soil is likely 
nearer to 0.19% than 1.2%.
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Table 1. Results of surface area and organic carbon content 
measurements on the sieve portions of the extracted soil
soil fraction surface area
(mVg)1
%O.C.2 %O.C3
fine to medium (0.08 to 
0.85 mm)
10.1 ± 1.0 0.50 ± 0.12
fine fraction 
(less than 0.08 mm)
21.5 ± 2.0 1.2 0.19± 0.01
1 Surface area measurements of the soil by Quantachrome Corporation 
using the BET method.
2 Organic carbon content measurements of the soil by Fruit Growers 
Laboratory using a dry combustion method.
3 Organic carbon content measurements by Steinberg, personal 
communication (1993) using a modified combustion method
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As stated previously, several different treatments were performed on the 
soil (fine fraction) to evaluate the effects of specific soil variables on VOC vapor 
sorption. Using the IGC method, sorption measurements on the treated soils 
were compared to the sorption measurements on the untreated soil. A total of 
six different soil columns were used in the IGC experiments. Table 2 lists and 
describes the soil treatment for each column used to evaluate the effects 
carbonate and organic carbon content have on sorption in unsaturated soils.
Soil used in columns 1 and 3 was not modified (other than sieving the 
original soil sample to isolate the fine fraction and oven-drying it). Soil for 
column 2 was treated to remove the carbonate from the soil. The carbonate- 
free soil in column 2 was prepared by treating the soil with 3N HCL as 
described by Allison and Moodie (1979). After the soil was treated with acid, it 
was rinsed with deionized water and then a 0.1 M solution of CaCI2 to 
reflocculate the soil. The treated soil was then oven-dried before being added 
to the chromatographic column. Comparison of sorption coefficients between 
the untreated soil (which contains carbonate) and the HCL treated soil 
(carbonate-free soil) could provide insight into the influence of carbonate on 
VOC vapor sorption.
Soils for columns 4, 5, and 6 were modified to evaluate the effects of 
organic carbon on sorption. Sorption coefficients determined on soil in 
columns 4, 5, and 6 were then compared with the sorption coefficients 
determined on the other columns (column 1, 2, and 3). This comparison
25
Table 2. Soil treatment for each chromatographic column used in IGC 
experiments.
Column
#
Soil Treatment
Column 1 untreated
Column 2 treated with HCL to extract CaC03
Column 3 untreated
Column 4 treated with an aqueous humic acid solution
Column 5 mixed with solid humic acid
Column 6 treated with H2Q2 to extract organic carbon
Column 1 and 3- the soil (less than 0.08 mm size fraction) was 
oven-dried and without any other treatment was placed in columns.
Column 2- the soil was treated with 3N HCL to remove the 
carbonate in the soil.
Column 4- the soil was treated with 1% aqueous humic acid 
solution.
Column 5- the soil was mixed with solid humic acid (total mixture 
approximately 10% humic acid).
Column 6- the soil was treated with 15% H20 2 to remove the organic 
carbon in the soil.
evaluated the effects of these treatments (which altered the organic matter 
content) on sorption. Organic carbon was added to soil used in column 4 by 
mixing the soil with a humic acid solution (approximately 1% aqueous humic 
acid solution). The pH of this humic acid solution was 6.0 ±0.1. For column 
5, organic carbon was added by mixing crushed humic acid with the soil. The 
purpose of soil treatments on columns 4 and 5 was not only to add organic 
matter (humic acid) to the soil but to compare the sorption effects of two 
different methods of applying organic matter. The results of this comparison 
provides insight into the interaction between VOCs and organic matter.
Soil in column 6 was treated with 15% H20 2 to remove the existing 
organic carbon from the soil. The purpose of this treatment was determine if 
the organic matter in the soil (although small) contributes to VOC sorption.
The humic acid used in columns 4 and 5 was obtained from Fluka 
(Catalog #: 53680). The organic carbon content of the soil columns treated 
with the aqueous humic acid solution and 15 % H20 2 (columns 4 and 6, 
respectively) were determined using the modified wet combustion method 
described earlier. The organic content for the solid humic acid mixed with soil 
(Column 5) was estimated by multiplying the percent organic carbon contained 
in the humic acid by the amount of humic acid mixed with the soil. The organic 
carbon content in the humic acid was estimated at 68% ± 1% by weight using 
the modified wet combustion method. The percent humic acid in the solid 
humic acid-soil mixture was 10% ± 0.1. If the carbon content in the humic acid
was 68%, then the percent organic carbon in the solid humic acid-soil mixture 
was 6.8%. This approach only provides an estimate but shows that the organic 
carbon content of column 5 was clearly higher than the other columns. Table 3 
lists the percent of organic carbon (% O.C.) content of soil in columns 1, 4, and 
6 using the modified wet combustion method and organic carbon content 
estimated for the soil in column 5.
In the static experiments, only the untreated size fraction (0.08 mm to 
0.85 mm) soil was evaluated. Also, the static experiments were performed at 
three moisture contents: 1.5%. 6.5%, and 11.5%.
VOC Sorbates
Vapor sorption coefficients for several non-hydrogen bonding (nonpolar) 
VOCs were measured in the IGC experiments. The sorption coefficient of TCE 
was the only compound measured in the static experiments. VOCs used in all 
sorption experiments are listed in Table 4. This table also provides information 
regarding the physiochemical properties for each compound. All the sorbates 
were analytical reagent grade and were obtained from Alltech Associates and 
Aldrich Chemical. One exception was methane which was obtained from the 
natural gas line in the laboratory.
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Table 3. Organic carbon content of soil in columns 1, 4, and 6 using the 
modified wet combustion method and in column 5 by approximation 
based % of humic acid added to soil.
Column # Soil treatment % O.C. ± s.d.
Column 1 untreated 0.19 ± 0.01
Column 4 aqueous liquid humic acid 
solution
0.89 ± 0.03
Column 5 solid humic acid 6.81
Column 6 15% H202 0.09 ± 0.02
1 Approximated based on percent of organic carbon measured in humic 
acid.
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Table 4. Molecular weight of VOCs used in sorption experiments Dean 
(1985).
VOC Compounds Molecular
Formula
Molecular 
Weight (g)
Trichloroethylene
(TCE)
c 2h c i3 131.39
1,1 1-Trichloroethane (TCA) C2H3CL3 133.41
Tetrachloroethylene
(PCE)
c 2c i4 165.83
1,1,2,2-Tetrachloroethane 
(TeCA)
c 2h 2c i4 167.85
Benzene c 6h 6 78.11
Toluene c 7h 8 92.14
Ethylbenzene ^8^10 106.17
Chlorobenzene c 6h5ci 112.56
Heptane c 7h 16 100.21
Pentane c 5h 12 72.15
Methane c h 4 16.04
Sorption Measurements
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Sorption measurements were conducted primarily using the IGC method. 
As stated earlier, these IGC experiments evaluated the effects of moisture, 
carbonate, and organic carbon content on sorption. Additional experiments 
were performed using a static method which evaluated sorption of TCE vapor at 
various soil moisture contents.
IGC Method
The determination of vapor-soil partitioning coefficients of a VOC using the 
IGC method (refer to Equation 3) requires an experimental apparatus where the 
following parameters can be quantified: (1) average carrier flow rate, (2) retention 
times of both a nonsorbing gas (methane) and the specific VOC, and (3) mass of 
the soil within the chromatographic column. This section describes the 
experimental apparatus and procedure required to quantify these parameters.
The IGC experiments were conducted using an Hewlett Packard (HP) 5710 
gas chromatograph (GC) with a Flame Ionization Detector (FID) and a column 
which contained soil as the chromatographic sorbent. A schematic of the IGC 
experimental layout is shown on Figure 2. Samples (VOC vapors) were injected 
into the GC through a Valeo gas injection valve (0.25 ml loop). The samples were
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Figure 2. Inverse Gas Chromatography (IGC) Experimental Apparatus
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then transported via the carrier gas (nitrogen) through the column and pastthe FID 
detectors. The resulting chromatograms for each injected sample were recorded 
on a strip chart recorder.
The experimental layout required the attachment of a pressure gauge to the 
carrier gas line of the GC just before the injection valve in order to measure 
pressure drop across the column. A distilled water impinger was also attached to 
the carrier gas line in the GC oven before the column. The installation of the 
impinger allowed the addition of water vapor to the carrier gas (nitrogen) and onto 
the soil column.
The GC column was an 4 mm (inside diameter) X 10 cm glass tube filled 
with soil. The short column minimized the pressure drop through the column. The 
glass column was deactivated with dimethyldicholorosilane (DMCS) to minimize 
sorption onto the glass column before it was packed with soil. Soil was loaded 
into the glass column through a funnel and was compacted by tapping the column. 
Compacting the soil within the column discouraged piping (channeling) by the 
carrier gas. Soil was secured in the column using DMCS silanized glass wool 
plugs. Soil mass within the columns was determined by weighing the column 
before and after soil was added. The soil mass in the column was approximately 
one gram for all IGC experiments. The weight of soil (± 0.01 g) in each column 
is included in the sorption calculations found in Appendix I.
A constant temperature in the soil column is critical throughout the 
experiments to control the relative humidity of the soil as well as to maintain the 
same temperature throughout the experiment. As discussed previously, relative 
humidity (i.e., a measure of moisture content) greatly influences VOC vapor 
sorption. The column temperature was controlled by encasing the column 
within a water jacket (Alltech Associates) whereas the temperature of the 
impinger and the carrier gas was controlled by the GC oven. This experimental 
layout permitted adjustment of the relative humidity within the soil because the 
carrier gas and column temperature were controlled separately. The column, 
GC Oven, and laboratory temperatures were ± 1°C.
Steinberg and Kreamer (1993) evaluated the sensitivity of carrier gas 
velocity on sorption measurements. In their experiments, carrier gas velocity 
ranged between 5 ml/min and 40 ml/min. Their results indicated that within this 
range, carrier gas flow rate does not change VOC sorption measurements. 
Carrier gas flow rate was maintained at approximately 10 ml/min (± 5%) for the 
IGC experiments in this study. Flow rate was determined using a glass bubble 
flowmeter attached to the exit port of the chromatograph and flow 
measurements were adjusted according to Equation 4.
In this application of the IGC method, sorption coefficients are 
determined from the difference in retention time between the injected VOC 
vapor and a nonsorbing gas (methane). At the beginning of each IGC 
experiment, methane was injected first into the GC to establish the nonsorbing
gas retention time. Each VOC was then injected at three different vapor 
concentrations: 100, 50, and 10 percent saturation. The 100 percent vapor 
saturations were obtained from the saturated headspace of a glass container 
containing a liquid VOC at room temperature 25°C. A 10 cc glass syringe was 
used to extract vapor from the container through a teflon-faced silicon septum. 
The 50 and 10 percent vapor saturation were created by diluting the vapor in 
the syringe with ambient laboratory air. This injection procedure was the same 
one used by Steinberg and Kreamer (1993) which found that this injection 
procedure was reproducible within 5%.
Retention times (Tr) of the methane and each VOC injection were 
measured from the chromatographic data. The K. for each injection was 
determined from Equation 3. The average Ks was determined for each VOC. A 
minimum of three injections per VOC were performed in each experiment (at 
least one injection per vapor concentration). This procedure for injecting vapor 
samples was followed in all IGC experiments. The only differences in 
experimental conditions throughout the experiments were relative humidity 
conditions and the modification of the soil in the column.
Relative humidity was determined in each IGC experiment because 
changes in relative humidity affect sorption (Chiou and Shoup, 1985; Steinberg 
and Kreamer, 1993; and Goss, 1992). Changes in sorption between soil 
columns with different soil treatments may not be a result of the soil treatment 
but the difference in relative humidity between the columns. After each
experiment, relative humidity was determined by measuring the weight gain in a 
water trap (glass container filled with CaS04) connected to the carrier gas. The 
water trap was connected to the carrier gas for a minimum of 24 hours. The 
largest source of error in relative humidity measurements was changes in the 
carrier gas flow rate within the 24 hour measurement period. Minor fluctuations 
in flow rate likely occurred within a 24 hour period. Throughout all the IGC 
experiments, no change in flow rate over a 24 hour period greater than 10% 
was observed; therefore, the relative humidity measurements are likely ± 10% 
of the measured value.
At least one IGC experiment was performed on each column but some 
columns had more experiments. In addition to conducting sorption 
measurements to evaluate the effects of different soil treatments on sorption, 
the effect of changing the relative humidity was evaluated. Experiments at more 
than one relative humidity were performed on three of the columns: columns 1, 
2, and 6. Relative humidities in columns 1 and 2 were incrementally increased 
and then decreased to evaluate whether adsorption or desorption of water (i.e., 
hysteresis) on the column affected VOC sorption.
Relative humidities for each experiment were modified by varying GC 
oven temperature while maintaining a constant column temperature. Carrier 
gas, which is at the same temperature as the GC oven, collects distilled water 
vapor through the impinger; the fraction of water in the carrier gas (i.e., relative 
humidity) is a function of temperature and flow rate. At higher GC oven
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temperatures, the water content of the carrier gas increases. GC oven 
temperatures used in these experiments were 30°C, 40°C, and 50°C. The 
temperature for all columns was held at 30°C, except for Column 3, which was 
maintained at 20°C. Increasing the oven temperature while maintaining the 
column temperature increases the relative humidity of the carrier gas. For all 
the experiments, the column equilibrated at a given column and oven 
temperature for a minimum of 24 hours before organic vapor was injected into 
the column. For example, when the oven temperature was increased from 30°C 
to 40°C to raise the relative humidity of the soil in column 1, the soil in the 
column was allowed to equilibrate with the new relative humidity for 24 hours 
before sorption measurements were performed.
A given set of GC oven and column temperature (e.g., 30°C GC oven 
temperature and 30°C column temperature) did not always correspond to the 
same relative humidity. A small change in GC oven temperature could affect 
relative humidity in the carrier gas. For this reason, variations in the GC oven 
temperature probably accounted for different relative humidities for a given set 
of GC oven and column temperatures.
An experiment was performed which correlated relative humidity to soil 
moisture (gravimetric) for the untreated soil (the fine fraction). Oven-dried soil, 
approximately 2 g, was placed in each of five desiccator. The internal relative 
humidity within three of the desiccators was varied by placing a beaker filled 
with an aqueous solution saturated with a specific salt. The salts used in this
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experiment were NaCI, KOH, and Mg(N03). Each salt affects the vapor 
pressure of water differently. Table 5 shows the corresponding relative humidity 
with each saturated salt solution. An internal relative humidity of 100% was 
attained in the fourth desiccator by placing a beaker filled only with distilled 
water in the desiccator. In the fifth desiccator, an internal relative humidity of 
zero was attempted by filling a beaker with CaS04 (anhydride) to remove any 
moisture within the desiccator.
Soil samples within the desiccators (three per desiccator) were allowed 
to equilibrate over a week and then reweighed to determine the moisture in 
each soil sample. The temperatures of all the desiccators were at 25°C ± 1°C.
Static Method
Sorption coefficients for TCE vapor were also determined using a static 
method. These static experiments evaluated soil at various moisture content. 
This method used headspace theory and was similar to the method developed 
by Peterson et al. (1988). Equation 7 was used to calculated the sorption 
coefficient.
In this static method, reactive vials (Alltech Associates) of a known 
volume were filled with soil (approximately 10 g) and were then injected with 
0.25 ml of air saturated with TCE vapor. (The saturated TCE vapor was 
obtained by extracting TCE vapor from the headspace of a vial partially filled
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Table 5. Relative humidity (RH) of aqueous solutions saturated with three 
specific salts at 25°C (Dean, 1985)
Salt RH
KOH 8%
Mg(N03)2 52.9%
NaCL 75.3%
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with liquid TCE at 25°C ± 1°C.) The reactive vials from Alltech were sealed 
using a telfon-coated cap with a valve, which allowed injections and extractions of 
TCE vapor with a gas-tight syringe. The soil-vapor mixture in each vial was 
allowed to equilibrate a minimum of 3 hours. The TCE concentration in the vial 
headspace and in the entire vial (headspace and soil) was measured as described 
below using a HP 5890 gas chromatograph with an electron capture detector 
(ECD). This data was used in Equation 7 to determine sorption coefficients for 
TCE in each vial.
All the experiments using the static method were conducted at 30°C (same 
as the IGC experiments) by placing the glass vials into an incubator. Soils used 
in the static experiments were the fine to medium sand fraction. Experiments were 
performed at three gravimetric soil moisture contents: 1.5% (air-dried), 6.5%, and
11.5%. To obtain soil moisture contents of 6.5% and 11.5%, a known volume of 
water using a pipette was added to the vials. The soil-water mixtures were then 
shaken for greater than one minute and were allowed to equilibrate a minimum of 
24 hours before TCE was injected into the vial. The TCE in the vial headspace 
was extracted with a gas tight syringe and injected immediately into a glass test 
tube with 2 ml of hexane, which contained 10 u\ of an internal standard Ethylene 
Dibromide (EDB). A 2 u\ aliquot of this hexane/TCE/EDB solution was then 
injected in the GC.
The extraction of the total TCE was obtained by injecting 2 ml of methanol 
through the valve into the vial. The vial was then thoroughly shaken, so that the
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so that the TCE in the vapor phase would dissolve into the methanol. Then, an 
additional 8 ml of methanol was added to extract the TCE from the soil and into 
the methanol. A 0.25 ml sample was taken from this solution and added to a 
glass test tube containing approximately 8 ml of water and 2 ml of hexane 
(which also included an internal standard [EDB]). The TCE in the sample was 
scavenged by the hexane and the methanol partitioned into the water. A 2 u\ 
sample of the hexane solution was then injected into the GC. The TCE 
concentration determined from the chromatographic results in both the 
headspace and the total system (the entire vial) were then entered into Equation 
7 to determine the Kg for TCE.
CHAPTER 3
RESULTS
In the IGC experiments, sorption coefficients were determined for various 
VOCs on columns 1-6. The purpose of these IGC experiments was to evaluate 
how fluctuations in relative humidity and different soil treatments affect vapor-soil 
sorption coefficients.
The effect of incrementally increasing and then decreasing relative 
humidity (i.e., fluctuations in relative humidity) on sorption were evaluated in the 
IGC experiments on column 1 (untreated soil) and column 2 (soil treated with 
HCL). Tables 6 and 7 show the sorption coefficients of various VOCs from IGC 
experiments on columns 1 and 2, respectively. Table 6 also lists the average 
sorption coefficients from IGC experiments performed on column 3. This 
column was also untreated but the column temperature for 3 was maintained at 
20° C, instead of 30° C. Decreasing of the temperature in column 3 increased 
the relative humidity in the column; therefore, data in column 3 was included 
with the data from column 1 to evaluate the effects of relative humidity on the 
untreated soil.
IGC experiments were also performed on columns with modified organic 
carbon content in the soil (Columns 4, 5, and 6). As described earlier, soil in
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column 4 was treated with an aqueous humic acid solution; soil in column 5 
was mixed with solid humic acid; and soil in column 6 was treated with H20 2. 
The average sorption coefficients from IGC experiments on columns 4, 5, and 6 
are listed in Table 8. Because relative humidity could impact sorption 
coefficients as well as the soil treatment, Table 8 also lists the relative humidity 
for each column experiment.
Appendix I includes data used to determine the average sorption 
coefficients found in Tables 6, 7, and 8. Data includes retention times, soil 
mass, carrier gas flow rate, and relative humidity for each experiment.
Sorption measurements using the static experiments were performed on 
one sorbent (untreated 0.08 to 0.88 mm soil fraction) with one sorbate (TCE). 
The average sorption coefficients for TCE using the static method at three 
different moisture contents are listed in Table 9. Data used to determine the 
average sorption coefficients for TCE in Table 9 are found in Appendix II.
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Table 7. Average Sorption Coefficients (ml/g) ± the standard deviation at 
various relative humidities (RH) using IGC on the HCL treated soil 
(Column 2).
RH 69% 81% 87% 69%
Compounds Col 2A Col 2B Col 2C Col 2D
TCE 1.28 ± 0.11 0.45 ± 0.02 0.22 ± 0.02 0.17 ± 0.00
PCE 2.13 ± 0.20 0.59 ± 0.03 0.28 ± 0.01 0.29 ± 0.02
TCA 1.32 ±  0.03 0.32 ± 0.01 0.14 ±  0.01 0.10 ± 0.05
TeCA 11.33 ± 0.11 7.72 ± 0.11 4.27 ± 0.00 3.33 ± 0.12
Benzene 1.75 ± 0.17 0.60 ± 0.00 0.23 ± 0.01 0.21 ± 0.01
Toluene 4.41 ± 0.48 ------ ------
E. Benzene 9.45 ± 0.78 ------ ------
C. Benzene 2.86 ± 0.24 ------
Heptane 1.21 ± 0.04 ------
Pentane 0.16 ± 0.07 ------ ------
Column (Col) 2A- HCL treated soil at 69% relative humidity; the HCI 
treated soil was initially oven-dried and moisture was added that 
corresponds to 69% relative humidity.
Col 2B- HCL treated soil at 81% relative humidity; the relative humidity in 
Col 2A was increased from 69% to 81% relative humidity.
Col 2C- HCL treated soil at 87% relative humidity; the relative humidity in 
Col 2B was decreased from 81% to 87% relative humidity.
Col 2D- HCL treated soil at 69% relative humidity; the relative humidity in 
Column 2C was decreased from 87% to 69%.
Note: Column temperatures for all experiments on Column 2 were 
performed at 30° C ± 1° C. Soil in the column and water vapor in the 
carrier gas equilibrated for a minimum of 24 hours before sorption 
measurements were conducted.
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Table 8 . Average Sorption Coefficients (ml/g) ± the standard deviation at 
various relative humidities (RH) using IGC on HCL treated soil (Column 2)
RH 59% 58% 68% 81%
Compounds Col 4A Col 5A Col 6A Col 6B
TCE 1.90 ± 0.01 1.03 ± 0.12 0.71 ± 0.03 0.61 ± 0.05
PCE 3.56 ± 0.07 2.03 ± 0.31 1.37 ± 0.11 0.47 ± 0.00
TCA 2.20 ± 0.01 0.64 ± 0.11 0.89 ± 0.09 0.34 ± 0.04
TeCA 45.27 ± 2.25 22.36 ± 0.00 18.63 ± 0.27 10.89 ± 0.05
Benzene 2.61 ±0.11 1.18 ± 0.03 2.49 ± 0.27 0.84 ± 0.01
Toluene 7.20 ± 0.10 3.23 0.20 5.89 ± 0.76 0.88 ± 0.01
E.Benzene 17.41 ± 0.16 7.90 ± 0.29 12.56 ± 0.82 1.05 ± 0.01
C.Benzene 11.11 ± 0.15 5.92 ± 0.25 5.44 ± 0.63 1.60 ± 0.02
Heptane 1.07 ± 0.07 4.38 ± 0.15 0.21 ± 0.02
Pentane ------
Column (Col) 4A- Liquid humic acid treated soil at 59% relative humidity; 
this treated soil was initially oven-dried and moisture was added that 
corresponds to 59% relative humidity.
Col 5A- Solid humic acid mixed with soil at 58% relative humidity; this 
treated soil was initially oven-dried and moisture was added that 
corresponds to 58% relative humidity.
Col 6A- Hydrogen Peroxide treated soil at 68% relative humidity; this 
treated soil was initially oven-dried and moisture was added that 
corresponds to 68% relative humidity.
Col 6B- Untreated soil 81% relative humidity; the relative humidity was 
increased from 69% to 81%.
Note: Column temperatures for all experiments on Columns 4,5, and 6 
were performed at 30° C ± 1°C. Soil in the column and water vapor in the 
carrier gas equilibrated for a minimum of 24 hours before sorption 
measurements were conducted.
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Table 9. Average Sorption Coefficients (ml/g) ± the standard deviation for 
TCE at varying moisture contents on the fine fraction (less than 0.08 mm) 
and fine sand fraction (0.85 mm to 0.08 mm)
Moisture Content #  of Samples K (ml/g) ± s.d.
1.5 % (air-dried) 6 9.10 ± 2.79
6.5 % 4 0.67 ± 0.33
11.5 % 5 0.23 ± 0.26
DISCUSSION
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The sorption results will be discussed in the following sequence:
(1) effectiveness of the IGC method to measure vapor-soil 
sorption;
(2) sorption effects of varying relative humidity and moisture 
content in the soil (using results from IGC and static 
measurements);
(3) sorption effects of removing carbonate from soil; and
(4) sorption effects of modifying the soil organic carbon content 
by either adding liquid or solid humic acid and by removing the 
organic carbon in the untreated soil.
IGC Effectiveness for Sorption Measurements 
Steinberg and Kreamer (1993) concluded that when water is present in 
the soil column, sorption of non-hydrogen bonding VOCs can be described by 
Equation 3 (i.e., a linear isotherm). The results of all the IGC experiments 
(Tables 6, 7, and 8) in this study support their conclusion, with the possible 
exception of experiments performed on columns 5 and 6 at 68% relative 
humidity. The results of the IGC experiments performed on columns 5 and 6 
will be discussed later.
As described earlier, the IGC method determines vapor-soil partitioning 
coefficients by measuring the difference in retention time between a VOC vapor 
and methane (Equation 3). For this method to be valid, retention times and the 
shape of resulting chromatograms must be independent of VOC concentration.
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The small standard deviations (less than 10%) for the average sorption 
coefficients in Tables 5, 6, and 7 indicate that VOC retention times had little 
dependence on VOC concentration. The retention times for each injected VOC 
sample are listed in Appendix I. The shape of the chromatograms 
(approximately symmetrical) also varied little with VOC concentration. As an 
example, Figure 3 shows the chromatographic results from an IGC experiment 
performed on column 1 (untreated) at 52% relative humidity (Col 1A) for three 
different concentration of TCE.
IGC experiments were performed with non-hydrogen-bonding VOCs at 
relative humidities within the soil columns ranging between 52% and 91%.
Again, the IGC results under these experimental conditions support the 
assumption that a linear isotherm can describe the VOC sorption on rapid 
equilibrium binding sites in the soil. Weber et al. (1991), however, cautioned 
that linear isotherms may not be appropriate to describe all sorption conditions. 
For example, Steinberg and Kreamer (1993) found that at 0% relative humidity 
within a soil column, sorption isotherms were not linear. Understanding the 
assumptions and limitations of a sorption methodology is critical to determine 
when a method is appropriate.
Also, IGC results from this study compared well with sorption coefficients 
determined by Steinberg and Kreamer (1993). Both studies used the same soil 
(fine fraction from the NTS Area 5 RWMS) and performed the experiments at
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Figure 3. Chromatographic results on column 1 (untreated soil) at 52% 
relative humidity for three concentration of TCE.
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same relative humidity (52%) (Table 10). This duplication of results indicates 
that IGC measurements are reproducible.
Major advantages of the IGC method over static methods are that more 
than one VOC can be evaluated per soil sample and that each sorption 
measurement can be performed in minutes instead of hours. Another 
advantage, which will be discussed later in more detail, is that sorption results 
using the IGC method have less variance than sorption results from static 
methods.
Moisture and Carbonate Effects on Sorption
Moisture and carbonate effects on sorption will be discussed as follows:
(1) the relationship between increasing moisture and sorption, and the 
effect that removing carbonate from the soil has on this relationship;
(2) the change in sorption as relative humidity was increased and then 
decreased (hysteresis); and
(3) a comparison between the sorption results of the IGC and static 
method.
Effects of Increasing Soil Moisture Content 
and Removing Carbonate on Sorption
The effects of moisture (measured as relative humidity or gravimetric 
water content) on vapor sorption were evaluated using the IGC method and 
static method. In the IGC experiments, vapor-soil partition coefficients (Ks) for all
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Table 10. Comparison of partitioning coefficients (Kg) from the IGC 
sorption measurements performed in this study and partitioning 
coefficients from Steinberg and Kreamer (1993)
COMPOUNDS ^  (ml/g) 1 ^  (m l/g)2
TCE 1.54 1.74
PCE 2.60 2.78
TCA 1.87 1.86
1,1,2,2 TeCA 38.10 35.79
Benzene 3.19 3.01
Toluene 8.04 8.43
Ethlybenzene 18.00 18.61
Pentane 0.22 0.28
1 Sorption coefficients from this present study on column 1 (untreated fine 
fraction from NTS Area 5 RWMS) at 52% relative humidity.
2 Sorption coefficients from Steinberg and Kreamer (1993) on fine fraction 
from NTS Area 5 RWMS at 52% relative humidity.
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the sorbates (VOCs) decreased when relative humidity was increased (Tables 6, 
7, and 8). These results were consistent with results from sorption studies by 
Chiou and Shoup (1985), Peterson et al. (1988), Houston etal. (1989), Yardon 
et al. (1989), Ong and Lion, (1991a and 1991b), and Steinberg and Kreamer 
(1992).
IGC experiments on columns 1 (untreated) and 2 (HCL treated) were 
performed at varying relative humidities. The sorption results from these 
experiments, shown in Tables 6 and 7, suggest a linear relationship between Ks 
and when relative humidity was increased. To test this hypothesis, the sorption 
results from columns 1, 2, and 3 were combined and a linear regression 
analysis was performed on the combined data. In the regression analysis, 
relative humidity was the independent variable and the sorption coefficient was 
the dependent variable. The results of the regression analysis for five VOCs are 
shown in Table 11 and are shown graphically on Figures 4, 5, 6, 7, 8, and 9 for 
TCE, PCE, TCA, TeCA, benzene, and toluene, respectively. The r2 values for 
these VOCs were greater than 0.89, which supports a linear relationship.
This linear relationship was observed between relative humidities of 52% 
and 91%. This range of relative humidities, however, corresponds to a very 
narrow range of gravimetric moisture contents (1.7% for 52% relative humidity 
and 2.8% for 91% relative humidity). The results of the correlation between 
relative humidity and gravimetric moisture content (w/w) for the soil (fine
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Table 11. Linear regression results between partitioning coefficients and 
relative humidity for six VOCs using sorption measurement on columns 
1,2, and 3. The relative humidity of the soil columns ranged from 52% to 
91%. (1.7%-2.8% gravimetric soil moisture).
Compounds b m SEE r2 DF
TCE 3.75 -0.04 0.17 0.94 4
PCE 6.57 -0.07 0.30 0.94 4
TCA 4.45 -0.05 0.20 0.94 4
TeCA 78.15 -0.89 5.07 0.89 4
Benzene 7.32 -0.08 0.20 0.98 4
Toluene 18.98 -0.21 0.59 0.98 3
b is a constant
m is the slope of the predicted regression line 
SEE is the standard error of estimate 
DF is the degree of freedom
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Figure 4. TCE linear regression results (predicted line and standard error of
estimate [SEE]) for Kg vs. relative humidity from experiments on columns 1,
2, and 3 (COL 1, 2 and 3).
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Figure 5. PCE linear regression results (predicted line and standard error of
estimate [SEE] for K, vs. relative humidity from experiments on columns 1,
2, and 3 (COL 1, 2, and 3).
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Figure 6 . TCA linear regression results (predicted line and standard error of 
estimate [SEE] for K3 vs. relative humidity from experiments on columns 1, 
2, and 3 (COL 1, 2, and 3).
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Figure 7. TeCA linear regression results (predicted line and standard error 
of estimate [SEE] for Kg vs. relative humidity from experiments on columns 
1, 2, and 3 (COL 1, 2, and 3).
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Figure 8. Benzene linear regression results (predicted line and standard error 
of estimate [SEE]) for Ka vs. relative humidity from experiments on COL 1,2, 
and 3.
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Figure 9. Toluene linear regression results (predicted line and standard error
of estimate [SEE]) for K3 vs. relative humidity from experiments on COL 1, 2,
and 3).
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fractions) used in the IGC experiments are shown in Figure 10. This 
relationship was assumed applicable for all the columns.
Because a strong linear correlation (r2 greater than 0.89) between 
sorption coefficients and relative humidity occurred when VOC sorption 
coefficients for columns 1, 2 and 3 were combined (Tables 4-9), the effect on 
sorption of the HCL treatment in column 2 appears minimal (Figures 4, 5, 6, 7,
8, and 9). Sorption coefficients of TCE and PCE were slightly above the 
standard error of estimate (SEE) and TeCA was slightly below SEE. The other 
compounds (TCA, benzene, and toluene) were within the SEE. The reason for 
the difference among the compounds is not apparent. However, the linear 
relationship between the sorption coefficient (KJ and relative humidity for all the 
sorbates suggests that the influence of carbonate content on VOC sorption in 
this natural soil from the NTS is negligible.
In IGC sorption experiments performed on a quartz sand, Goss 
(1992) found that an exponential rather than a linear relationship described 
relative humidity and Ks for VOCs (at relative humidities above 26%). In an 
exponential relationship, the sorption coefficient (Ks) is more sensitive to relative 
humidity changes than in a linear relationship. Goss (1992) determined that 
above 26% relative humidity, water molecules occupied all the available sorption 
sites on the quartz at 26% relative humidity. From the exponential relationship 
between relative humidity and Ks, he hypothesized that the same sorption 
mechanism was occurring between 26% and 100% relative humidity.
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Figure 10. Relative humidity vs. gravimetric moisture content for the soil (fine 
fraction from RWMS soil) used in the IGC experiments.
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This range of relative humidity, according to Goss (1992), corresponded to a 
range of one to five water molecules sorbed onto the quartz. Goss (1992) 
agreed with the theory of Ong and Lion (1991a and 1991b) thatthe primary 
sorption mechanism within this range of water thickness (one to five water 
molecules) is vapor sorption to surface-bound water.
The vapor sorption to surface-bound water mechanism is also the likely 
sorption mechanism occurring in the sorption experiments on columns 1, 2, and 
3. Gravimetric moisture contents on these soils ranged between 1.7% and 
2.8%, which correspond to water molecule thickness ranging between 2 and 5 
layers. The layers of water molecules on the soil were estimated using a 
method by Ong and Lion (1991a and 1991b). In this method, the number of 
water molecule layers above the soil surface was calculated by dividing the total 
surface area of water in the soil by the surface area of the soil (21.5 m2). The 
surface area of the water was determined by multiplying the cross sectional 
area of a water molecule (10.8 x 10'20 m2 from Livingston, 1949) by the number 
of molecules for a given mass of water in the soil. This estimate, however, 
assumed that the water molecules were evenly distributed on the soil.
Although the sorption mechanism in both studies (Goss, 1992 and the 
present study) appear to be the same, the results from the two studies did 
produce different relationships between relative humidity and sorption 
coefficients. One reason may be that the range of relative humidity (52% to 
91%) in the present study was too small to generate an exponential relationship.
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If additional experiments were performed at relative humidities to expand the 
range (i.e., more experiments at lower relative humidities), the relationship 
between sorption coefficients and relative humidity may have become 
exponential.
Another possible explanation is the two orders of magnitude difference in 
surface areas between the two sorbents (21.5 m2/g  for the soil in columns 1, 2, 
and 3 compared to 0.34 m2/g for the quartz sand used in Goss, 1992). The 
mechanisms governing sorption for a low surface area material (e.g., quartz) 
may be different than for a higher surface area material (e.g., soil from the NTS 
Area 5 RWMS) within a similar range of relative humidity.
Differences in mineralogy between the two sorbents could also have an 
effect. The mineralogy of soil in the columns, as determined by X-ray 
diffraction, consisted mainly of quartz, calcite, and anorthite with small surface 
areas, but the soil has a higher surface area than would be predicted with soils 
consisting of quartz, calcite, and anorthite. As mentioned earlier, clay minerals 
are not readily identified using X-ray diffraction and this soil likely contained clay 
minerals which would have higher energy sorption sites than the quartz used in 
Goss’s experiments. A water film of one or two water molecules over the 
quartz may sufficiently reduce the influence of the quartz sorption sites. The 
soil sorption sites, on the other hand, are higher energy and would require 
more layers of water molecules to diminish their influence. High energy soil 
sorption sites could significantly alter the sorbed water molecules or act through
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the water to provide sorption sites for VOCs.
The linear relationship between partitioning coefficients and relative 
humidities in the IGC experiments was critical to normalize the effect of relative 
humidity. The sorption experiments on columns 4, 5, and 6, which were 
performed to evaluate the effects of sorption caused by varying organic content 
at relative humidities of 68%, 69%, and 58%, respectively. Without normalizing 
for relative humidities, distinguishing differences in sorption coefficients as a 
result of the soil treatment or relative humidity would be difficult.
The sorption coefficients versus relative humidity for columns 4, 5, and 6 
were plotted against the linear regression determined for each VOC using 
combined data of column 1 and 2. If the sorption coefficients from columns 5,
6, and 7 varied considerably from the linear regression, the variance in the 
sorption coefficient would likely be a result of the soil treatment; however, the 
uncertainty of the relative humidity measurement (± 10%) must be considered 
in the evaluation of the regression data.
Effects of Soil-Water Hysteresis on Sorption
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This linear relationship only appears to apply if the moisture in the soil 
increases. The results from Tables 6 and 7 indicate that sorption coefficients were 
not reversible when relative humidity in columns 1 and 2 were decreased. This 
non-reversible behavior is shown graphically in Figures 11 and 12 using TCE and 
benzene as examples. The sorption coefficients did not change significantly as the 
relative humidities decreased from 87% back to 52%. For example, Ks for TCE 
was 0.18 ml/g at 87% relative humidity and was 0.11 ml/g when the relative 
humidity was decreased to 52%. (note: In this experimental design, a direct 
measurement of soil moisture content was unattainable; therefore, it is not clear 
whether a decrease in soil relative humidity represents a significant decrease in soil 
moisture content. More experiments are needed to evaluate the relationship 
between relative humidity and soil moisture content, especially when the relative 
humidity is decreased.)
Goss (1992), however, found that VOC sorption measurements were 
reproducible regardless of whether the relative humidity was attained by sorption 
or desorption of water. Again, Goss (1992) used quartz and not a natural soil. 
The differences in soil mineralogy and surface areas between the quartz and the 
NTS Area 5 RWMS soil could account for the discrepancy between the two 
studies. Another factor that probably contributed to the differences between the
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Figure 11. Effects of TCE sorption coefficients when relative humidity was 
incrementally increased and decreased in experiments performed on column 
1 (COL 1).
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Figure 12. Effects of Benzene sorption coefficients when relative humidity 
was incrementally increased and decreased in experiments on column 1 
(COL 1).
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two studies was that the IGC experiments were performed at different 
temperatures. The IGC experiments on the quartz were performed at 50°C, 60°C, 
and 70°C, whereas the IGC experiments on the NTS Area 5 RWMS soil in this 
study were performed at 30°C. Also, longer equilibration times between the soil 
and relative humidity in the carrier gas may reduce the significance of soil-water 
hysteresis.
More hysteresis experiments are needed because understanding the effects 
of water sorption and desorption on the behavior of VOC sorption is important in 
modeling contaminant migration in unsaturated soil. Excluding surface soils in arid 
regions, soils in natural conditions generally have high relative humidities (greater 
than 98%) (Hillel, 1980). Even in an arid environment such as the NTS Area 5 
RWMS, soil moisture content at a depth of approximately 3 m is normally greater 
than 5% (w/w) (Kearl, 1982), which would correspond to a relative humidity greater 
than 98%. At high relative humidities in NTS soils, vapor sorption is likely at a 
minimum. Therefore, the assumption that VOC sorption under unsaturated 
conditions behaves the same as saturated conditions may be reasonable when the 
relative humidity in the soil exceeds 90%. For relative humidities below 90% (e.g. 
arid soil 1 to 2 m below the surface), this assumption is not reasonable and will 
result in under estimating vapor sorption.
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IGC Method vs. Static Method 
The partitioning coefficients from the static method results follow the 
same trend as coefficients from the IGC experiments; that is, the partitioning 
coefficients decreased with increasing moisture content. An advantage of the 
static method over the IGC method is that sorption experiments can be 
performed at a wider range of moisture contents. The IGC method is limited 
because at high moisture contents (above 90% relative humidity), the movement 
of carrier gas can be obstructed by water, thus, violating the constant flow rate 
principle required for using Equation 3.
At gravimetric moisture contents above 2.5%, the sorption coefficients for 
TCE measured using the IGC method and static (headspace) method were 
both low (less than 1 ml/g). Below 2.5%, the sorption coefficients varied. Using 
the IGC method, Kg for TCE was 1.28 ml/g at 1.7% gravimetric moisture 
content, but using the static method, Ks for TCE was 9.10 ml/g at 1.5% 
gravimetric moisture content. The surface area (10.1 m2/g) for the soil (the 
fine sand fraction) used in the static experiments was smaller than the surface 
area (21.5 m2/g) for the soil (the fine fraction) used in the IGC experiments. 
However, sorption coefficients for TCE from the static experiments were 
generally higher than the sorption coefficients for TCE from the IGC 
experiments but were within the same orders of magnitude.
The larger sorption coefficients for TCE using the static method could be 
a result of longer equilibration times (a minimum of 3 hours); however, the large
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standard deviation in sorption coefficients for the static method compared to the 
sorption coefficients for the IGC experiments suggest that the IGC results are 
more reliable and consistent. As described earlier, multiple steps are required to 
measure sorption using the static method. Error can be introduced at each 
step and can progressively accumulate which could be the reason for the large 
standard deviation in the static method results.
Many static experiments had to be repeated due to leakage. 
Approximately twice as many samples than those listed in Table 8 were 
performed, but because of excess losses of TCE, the experiments were 
repeated. Originally, the static method described in Houston et al. (1989) and 
Kreamer et al. (1993) was going to be used to estimate sorption coefficients, 
but the stainless steel vessel used in their static method would not seal. The 
leakage problem was not resolved within the time frame of this study; therefore, 
a method similar to that described in Peterson et al. (1988) was used instead.
Ong and Lion (1991a) performed static sorption experiments on various 
air-dried soils. Two of the soils, the Morris and Columbus soils, had similar 
surface areas to the NTS Area 5 RWMS soil and similar sorption coefficients for 
TCE at low moisture conditions (68% relative humidity). Table 12 compares the 
surface area and sorption coefficients of the two soils (Morris and Columbus) 
with the sorption coefficients determined on the untreated soil (RWMS soil) at 
52% relative humidity (Experiment Col 1A). Although the TCE sorption 
coefficients of the two soils tested by Ong and Lion (1991a) at 68% relative
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Table 12. Comparison of surface areas and sorption coefficients between 
two soils (Morris and Columbus soils) from Ong and Lion (1991a) at 68% 
relative humidity and column 1 at 52% relative humidity (Col 1A).
Soil Type Surface Area
m2/g
K (ml/g)
Morris 25.5 3.50
Columbus 19.8 2.90
Column 1 21.5 1.54
humidity were higher than the TCE sorption coefficient using the IGC method, 
the values were within the same order of magnitude.
Kreamer et al. (1993) compared sorption coefficients between a static 
method described in Houston et al. (1989) and the IGC method used in this 
present study and described in Steinberg and Kreamer (1993). From their 
comparison, Kreamer et al. (1993) contended that both methods have 
advantages and disadvantages, but generate similar sorption coefficients. The 
comparison between the IGC and static methods in this study do agree with the 
conclusion in Kreamer et al. (1993) that the sorption coefficients using both 
methods provide similar values. However, the extent of static experiments 
performed in this present study were limited. More comparative analyses 
between the two methods should be performed to understand the variances (if 
any) between the methods (e.g., more sorption experiments using both 
methods on different soils).
Organic Carbon Effects on Sorption
As described earlier, three soil columns were altered to evaluate the 
effects of organic carbon on sorption: column 4 (soil treated with liquid humic 
acid), column 5 (soil mixed with solid humic acid), and column 6 (soil treated 
with H20 2). Sorption coefficients determined from these columns were 
compared with the sorption coefficients of columns 1, 2, and 3 using the linear
73
correlation established previously for each compound (Figures 13, 14, 15, 16,
17, and 18 for TCE, PCE, TCA, TeCA, benzene, and toluene, respectively). If 
sorption coefficients from columns 4, 5, and 6 deviate significantly outside the 
SSE of the linear correlation, then the changes in sorption coefficients for 
columns 4, 5, and 6 are likely a result of the soil treatment within the columns.
The results of these comparisons found that the treatment on column 4 
(soil treated with an aqueous humic acid solution) increased sorption slightly for 
TCE, TCA, PCE, and TeCA but showed no noticeable effect on sorption for 
benzene and toluene. For example, the sorption coefficients for TCE and PCE 
increased from Although no linear regression analysis was performed for 
ethlybenzene and chlorobenzene (less than 5 data points), the liquid humic acid 
treatment appeared to increase sorption for the chlorobenzene but not for 
ethlybenzene (compare sorption coefficients for Experiment Col 1A in Table 6 to 
sorption coefficients in Experiment Col 5A of Table 8). The treatment on 
column 5 (soil mixed with an aqueous humic acid solution) decreased sorption 
significantly for all the evaluated compounds, with the exception of TeCA. The 
treatment on column 6 (soil treated with H20 2) decreased sorption slightly for 
TCE, PCE, and TCA but increased sorption for benzene, toluene, ethylbenzene, 
and chlorobenzene.
The results from experiments on columns 4 and 5 indicate that the 
method used to add humic acid into the soil can affect VOC sorption. In the 
treatment for column 4, humic acid in solution sorbed onto the soil, which
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Figure 13. Comparison between K, for TCE on columns 4, 5, and 6 and K3 for 
TCE on columns 1, 2, and 3 using the correlation previously established for 
TCE between Ks v. RH.
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Figure 14. Comparison between K, for PCE on columns 4,5, and 6 and K3 for
PCE on columns 1, 2, and 3 using the correlation previously established for
PCE between Kg v. RH.
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Figure 15. Comparison between Ka for TCA on columns 4,5, and 6 and Ks for 
TCA on columns 1, 2, and 3 using the correlation previously established for 
TCA between Kg v. RH.
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Figure 16. Comparison between Ks for TeCA on columns 4, 5, and 6 and Ks 
for TeCA on columns 1,2, and 3 using the correlation previously established 
for TeCA between Ks v. RH.
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Figure 17. Comparison between Ks for Benzene on COLs 4, 5, and 6 and K3
for Benzene on COLs 1,2, and 3 using the correlation previously established
for Benzene between Ks v. RH.
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Figure 18. Comparison between Ks for Toluene on COLs 4, 5, and 6 and Ks
for Toluene on COLs 1,2, and 3 using the correlation previously established
for Toluene between Kg v. RH.
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coated the soil with humic acid. As indicated previously, the organic carbon 
content of the soil used in column 4 was approximately 1.7% (Table 3). In the 
treatment for column 5, the freeze-dried humic acid was crushed, added to the 
soil, and then oven-dried. Assuming that organic carbon content dominates 
sorption in the presence of water, the sorption coefficients on column 5 (organic 
content approximately 7%) should be higher than on column 4 (organic carbon 
content approximately 1.7%), but this is not the case.
Other studies (Garbarini and Lion, 1986; and Ong and Lion, 1990b) have 
evaluated the effects of organic carbon on sorption by treating the soil with 
liquid humic acid (same approach used to treat column 4) and have showed 
slight increases in sorption of TCE, similar to the TCE results of the sorption 
measurements performed on column 4 (Figure 13). This treatment on the soil 
created a clay-humic complex (i.e., humic acid was sorbed onto the soil). 
According to Schnitzer and Khan (1978), organic matter and clay minerals 
often interact as clay-organic matter complexes; therefore, the liquid humic acid 
treatment onto the soil in column 4 was probably more representative of 
organic matter in natural soil than the soil-solid mixture in column 5.
Although humic acid represents only a portion of the organic matter 
(Garbarini and Lion, 1986; Chiou et al. , 1988, and Rebhum et al., 1992), the 
isolation of a significant component (i.e., humic acid) of organic matter could 
provide insight into the interaction and contribution of soil organic matter to 
sorption. Chiou et al. (1988) estimated for soil evaluated in their study that soil
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humic acid contributed approximately half of the total VOC sorption onto the 
soil organic matter. Also, humic acid molecules are very complex; commonly 
possessing molecular weights that can vary by orders of magnitude and with a 
wide range of elemental composition and structural variation. Physical and 
chemical properties of humic acid are highly variable. This variability must be 
considered when using humic acids to simulate organic matter in soil.
The small increase of sorption observed for the chlorinated compounds 
in column 4 (Figure 13, 14, 15, and 16) suggested that mineral sorption was still 
the primary sorption mechanism but the addition of the humic acid by solution 
increased sorption. Ong and Lion (1990b) observed similar increases in TCE 
vapor sorption on a humic acid-coated sorbent. As stated earlier, Ong and 
Lion (1991a) found that sorption results from six air-dried soil (approximately 
68% relative humidity) appeared to correlate better to soil organic content than 
soil mineral surface area. They cautioned, however, that mineral sorption likely 
occurs because of the large variations in the Koc (partitioning coefficient 
normalized to soil organic matter) among the soils evaluated in their study.
The reason that no noticeable increase of sorption for benzene, toluene, 
and ethlybenzene on column 4 occurred was not clear but could be related to 
the polarity of the VOCs. According to Chiou et al. (1988), humic acid is polar 
in nature and has a greater capacity to partition polar molecules than nonpolar 
molecules. The dipole moment, which is a measure of polarity for a molecule, 
was greater for the chlorinated compounds (with the exception of PCE) than the
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non-chlorinated compounds. Although PCE has an overall dipole moment of 
zero, local dipole moments would still occur between the individual carbon- 
chlorine bonds. Another reason may be a geometrical preference for smaller 
molecules to penetrate into the humic acid. More experiments are needed to 
determine if chlorinated-VOC are preferential partitioned into humic acid.
The sorption experiments on column 5 (solid humic acid-mixture) were 
performed at 59% relative humidity, which was similar to the relative humidity 
performed on column 4 (58% relative humidity). The sorption coefficients were 
lower when compared to sorption coefficients for column 4 and all the other 
columns (Figures 13, 14, 15, 16, 17, and 18). The results from this study and 
other studies (e.g., Chiou and Shoup, 1985; Peterson et al., 1988; and 
Steinberg and Kreamer, 1993) have established that in unsaturated and low 
organic soils, VOC sorption was primarily a function of available mineral surface 
area. When water content increased, the VOC sorption sites on soil decreased 
because the water molecules occupy the available sorption sites on soil.
The lower sorption coefficients for column 5 (Figure 13, 14, 15, 16, 17, 
and 18) would indicate that the available sorption sites on the soil decreased. 
For example, if 10% of the soil in column 1 (untreated soil) was replaced with 
quartz, the sorption coefficients for this modified column at low humidities (less 
than 70% relative humidity) would probably decrease because the surface area 
of the soil has decreased. The solid humic acid in column 5 created the same
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effect as mixing the soil with quartz or any other material with a small surface 
area.
Chiou et al. (1990) determined from BET analysis that the surface area of 
organic matter and humic acids was small (less than 1 m2/g) compared to their 
ability to sorb VOCs. In other words, sorption of VOCS on organic carbon is a 
partitioning mechanism not an adsorption mechanism on the surface area of 
the organic carbon. Other workers, such as Pennel and Rhue (1992) 
determined that organic matter had a very high surface area. They, however, 
used an ethylene glycol method instead of the BET method determined by 
Chiou et al. (1990). Chiou et al. (1992) argued that surface area using ethylene 
glycol (a polar compound) does not provide a true surface area because 
ethylene glycol can partition into the organic matter.
In the experiments performed on column 5, little sorption (either 
adsorption onto the organic matter or partitioning) occurred on the solid humic 
acid. One possible explanation for the apparent lack of sorption on the humic 
acid was that the IGC experiments did not allow enough time for equilibration. 
The chromatograms for the compounds on column 5 were asymmetric 
compared to columns 1-4, which is an indication for non-equilibrium between 
the sorbent and sorbate according to Steinberg and Kreamer, 1993. The 
sorption experiments performed by Chiou et al. (1988) allowed 2-3 hours for 
equilibration.
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Any change to the condition of the humic acids could also influence their 
sorption properties. For instance, Chiou et al. (1990) found orders of 
magnitude difference between the surface area (using the BET method) of 
freeze-dried and oven-dried humic acid. In the soil preparation for column 5, 
the solid humic acid-soil mixture was oven-dried. This soil preparation may have 
reduced the surface area of the humic acid, thus, reducing the sorption ability 
of the humic acid.
The purpose of the H20 2 treatment on the soil in column 6 was to 
remove the existing organic carbon. If this treatment removed soil organic 
carbon and did not effect other soil properties, then the sorption coefficients for 
all the VOCs should plot below the regression line shown on Figures 13, 14, 15, 
16, 17, and 18. In the IGC experiments performed on column 6 at 68% relative 
humidity, the compounds TCE, PCE, and TCA showed noticeable decreases in 
sorption, but the remaining compounds TeCA, benzene, toluene, ethlybenzene, 
and chlorobenzene showed noticeable increases. On the other hand, the IGC 
experiments on column 6 at 81% did not show a noticeable effect as a result of 
the H20 2 treatment.
The reasons for the difference in sorption coefficients at 68% relative 
humidity was not apparent. The effect of oxidizing the soil with H20 2 may have 
modified the sorption sites on the mineral surface. Other investigators (Pennel 
et al. 1992) have removed organic matter with the same treatment and found a
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decrease in sorption related to the amount of organic matter removed from the 
soil.
As with the case of column 5, the asymmetry of the chromatograms for 
the IGC experiments on column 6 at 68% relative humidity suggested that the 
IGC method may not be appropriate for this conditions although peak shapes 
were independent of concentration. However, when the relative humidity in 
column 6 was increased to 81%, the sorption coefficients determined at this 
relative humidity were not distinguishable from the sorption coefficients on 
columns 1, 2, and 3 (Figures 12-16). Also, the chromatograms at 81% relative 
humidity became symmetrical which indicates equilibrium. One possible 
explanation for the difference in the chromatogram shapes between the 
experiments performed on column 6 (sorption experiments at 68% and 81% 
relative humidity) is that the water film accumulated on the soil at 81% relative 
humidity likely covered the soil surface enough to significantly diminish the 
influence of the H20 2 treatment.
CHAPTER 4
CONCLUSIONS
The purpose of this study was to evaluate the IGC method as a tool for 
measuring VOC sorption in the vadose zone and to evaluate the effects of 
moisture content, carbonate content, and organic content of sorption on a 
natural soil from the Nevada Test Site.
The nearly symmetrical chromatograms and the small standard deviation 
in the sorption coefficients support the conclusion in Steinberg and Kreamer 
(1993) that the IGC method can be an useful tool to measure sorption of 
nonpolar VOCs onto natural soils at varying relative humidities. This method 
generates repeatable sorption data quickly which can provide sorption data 
required in contaminant transport models to evaluate VOC movement in the 
vadose zone.
As determined in previous studies (e.g., Chiou and Shoup, 1985; 
Peterson et al. , 1988; Houston et al. , 1989; Yardon et al. , 1989; and 
Steinberg and Kreamer, 1993), the results from experiments performed in this 
present study show that the moisture content had the largest effect on sorption. 
Water appears to out-compete the nonpolar VOCs for available sorption sites. 
Both the IGC and static method showed that increasing soil moisture decreases
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sorption by at least an order magnitude. For instance, TCE decreased from 
1.55 ml/g to 0.2 ml/g when the relative humidity was increased from 52% to 
87% relative humidity, respectively. The IGC results (Figures 4, 5, 6 , 7, 8 , and 
9) suggested a linear relationship between the range of relative humidity 
evaluated (52% to 91%), but this range in relative humidity corresponded to a 
small range in gravimetric moisture content (approximately 1.2%), and should 
not be extrapolated beyond this range in relative humidity.
The results from the hysteresis experiments suggest that sorption 
coefficients were not reversible within this range of relative humidity (52% to 
91%). These results indicate that once water is sorbed onto the soil, it is 
difficult to remove water from soil sorption sites. This non-reversible behavior 
between sorption and relative humidity could create difficulty in vadose zone 
contaminant modeling. Additional experiments are needed to determine: (1) if a 
change in relative humidity represents a change in soil moisture content, 
especially when the relative humidity is decreased; and (2) if changes in 
gravimetric moisture content will also result in non-reversible VOC sorption 
behavior.
The small change in sorption coefficients between the untreated soil and 
the carbonate-free soil indicates that carbonate has little affect on sorption 
(Figure 4, 5, 6 , 7, 8 , and 9). The removal of organic matter by H20 2 also 
showed little change in sorption (Figure 13, 14, 15, 16, 17, and 18). One 
possible reason for the small change is that the soil for these experiments (the
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NTS soil) was an arid soil with very little organic matter. Another possible 
reason is that an increase in the soil surface area occurred as a result of the 
H20 2 treatment which could have compensated for the loss in organic matter. 
The results may have been different if the soil used in the experiments had 
more organic matter.
The addition of an aqueous humic acid solution to the soil appeared to 
slightly enhance sorption for the chlorinated compounds probably by the 
partitioning of these compounds into the humic acid. For example, the Ks for 
TCE increased from 1.54 ml/g for the untreated soil (column 1) to 1.90 ml/g for 
the soil treated with an aqueous humic acid solution (column 4), although the 
relative humidity for the experiment in column 4 (59%) was higher than the 
untreated soil (52%). The Kg for benzene, on the other hand, did not change 
significantly as a result of the treatment (3.19 ml/g for column 1 at 52% relative 
humidity and 2.61 ml/g for column 4 at 59% relative humidity). As shown in 
Figure 17, the difference in the sorption coefficients (3.19 ml/g and 2.62 ml/g) 
for benzene could be accounted for by the increase in relative humidity. A 
possible reason for the preferential sorption of chlorinated compounds is that 
these compounds being slightly polar have a greater affinity to the humic acid 
(which is polar in nature) than the nonpolar compounds. More experiments, 
however, are required to either validate or explain this preferential sorption.
The reduction of sorption coefficients for the soil with solid humic acid 
(e.g., TCE decreased from 1.54 ml/g [untreated] to 1.03 ml/g [solid humic
acid-soil mixture]) suggests that the solid humic acid reduced the available 
surface area in the soil for sorption. If this interpretation is true, then minimal 
sorption occurred on the solid humic acid. One possible reason for the 
decrease of sorption was that the system was not in equilibrium because the 
equilibrium with the solid humic acid is slow. Also, the solid humic acid-soil 
mixture was oven-dried. This soil preparation may have altered the ability of the 
humic acid to sorb VOCs. The reason for the reduction in sorption is not clear 
and more experiments are needed to determine why a different application of 
humic acid can affect sorption results.
The results from this present study confirm the opinion of Pennel et al. 
(1992) that VOC sorption in unsaturated soils is multi-mechanistic. The results 
indicated that VOC sorption was affected by soil moisture, soil surface area and 
organic matter. Within the range of moisture evaluated in this study, moisture 
content and surface area had the largest impact on sorption coefficients.
Sorption measurements from this present study produces additional 
information about VOC sorption behavior that can be used to modify or develop 
contaminant transport models to better predict migration of VOCs in 
unsaturated soils. A more complete understanding of VOC sorption behavior in 
contaminant migration through the vadose zone allows scientists, engineers, 
and regulators to make better decisions when evaluating existing or potential 
VOC contamination in the subsurface.
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APPENDIX I (INVERSE GAS CHROMATOGRAPHY CALCULATIONS)
This appendix contains the spreadsheet used to solve for Ks of all the IGC 
experiments (Equation 3):
KS= ( T Z- T 0) ^ .  ( 3 )s z o m
where:
Tr = retention time of the sorbate (min)
T0 = retention time of a nonsorbing gas (methane) (min)
F0 = average volumetric flow rate through column (ml/min) 
m = mass of soil in column (g)
K, = sorption partition coefficient (ml/g)
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DATE: 6/17/92
IGC EXPERIMENT: Pit 3 fines
FILE:IGC1 A.WQ1
COLUMN # :  1 FLOW RATE SOIL MASS
TEMP OVEN (C): 30 (m l/m in) grams
TEMP COLUMN (C): 30 9.869 0.908
FINES (LESS THAN 200 MESH)
R elative H um id ity  52%
ROOM TEMP (C
COMPOUNDS AMOUNT CHART SPEED To Tr K
% (CM/MIN) (m in) (m in) (m l/g)
METHANE 100 30 0.195 0.195
METHANE 100 30 0.195 0.195
TCE 100 30 0.195 0.35 1.68467
TCE 100 30 0.195 0.35 1.68467
TCE 50 30 0.195 0.34 1.57598
TCE 50 30 0.195 0.34 1.57598
TCE 10 30 0.195 0.32 1.35861
TCE 10 30 0.195 0.32 1.35861
PCE 100 30 0.195 0.455 2.8259
PCE 100 30 0.195 0.45 2.77156
PCE 50 30 0.195 0.43 2.55418
PCE 50 30 0.195 0.43 2.55418
PCE 10 30 0.195 0.42 2.44549
PCE 10 30 0.195 0.42 2.44549
TCA 100 30 0.195 0.375 1.95639
TCA 100 30 0.195 0.37 1.90205
TCA 50 30 0.195 0.37 1.90205
TCA 50 30 0.195 0.37 1.90205
TCA 10 30 0.195 0.36 1.79336
TCA 10 30 0.195 0.36 1.79336
TETRACHLOROETHANE 100 10 0.195 3.8 39.1822
TETRACHLOROETHANE 100 10 0.195 3.8 39.1822
TETRACHLOROETHANE 50 10 0.195 3.7 38.0953
TETRACHLOROETHANE 50 10 0.195 3.8 39.1822
TETRACHLOROETHANE 10 10 0.195 3.6 37.0084
TETRACHLOROETHANE 10 10 0.195 3.5 35.9215
PENTANE 100 20 0.195 0.215 0.21738
PENTANE 100 20 0.195 0.205 0.10869
PENTANE 50 20 0.195 0.215 0.21738
PENTANE 50 20 0.195 0.215 0.21738
PENTANE 10 20 0.195 0.22 0.27172
PENTANE 10 20 0.195 0.22 0.27172
BENZENE 100 20 0.195 0.52 3.53237
BENZENE 100 20 0.195 0.52 3.53237
BENZENE 50 20 0.195 0.495 3.26065
BENZENE 50 20 0.195 0.495 3.26065
BENZENE 10 20 0.195 0.45 2.77156
BENZENE 10 20 0.195 0.45 2.77156
TOLUENE 100 20 0.195 1.02 8.9668
TOLUENE 100 20 0.195 1 8.74942
TOLUENE 50 20 0.195 0.95 8.20598
TOLUENE 50 20 0.195 0.94 8.09729
TOLUENE 10 20 0.195 0.85 7.11909
TOLUENE 10 20 0.195 0.85 7.11909
AVG
1.54
2.6
1.87
38.1
0.22
3.19
8.04
24.2
STD
0.13556
0.14855
0.06076
1.25503
0.05434
0.3148
0.71754
COMPOUNDS AMOUNT CHART SPEED Ro Rt K AVG STD
% (CM/MIN) (m in) (m in) (m l/g)
ETHYLBENZENE 100 30 0.195 2.02 19.8356
ETHYLBENZENE 100 30 0.195 2 19.6183
ETHYLBENZENE 50 30 0.195 1.84 17.8792
ETHYLBENZENE 50 30 0.195 1.84 17.8792
ETHYLBENZENE 10 30 0.195 1.7 16.3576
ETHYLBENZENE 10 30 0.195 1.7 16.3576 18 1.3791
C.BENZENE 100 30 0.195 1.02 8.9668
C.BENZENE 100 30 0.195 1.02 8.9668
C.BENZENE 50 30 0.195 0.95 8.20598
C.BENZENE 50 30 0.195 0.94 8.09729
C.BENZENE 10 30 0.195 0.85 7.11909
C.BENZENE 10 30 0.195 0.85 7.11909 8.08 0.75671
HEPTANE 100 30 0.195 0.375 1.95639
HEPTANE 100 30 0.195 0.38 2.01074
HEPTANE 50 30 0.195 0.38 2.01074
HEPTANE 50 30 0.195 0.38 2.01074
HEPTANE 10 30 0.195 0.38 2.01074
HEPTANE 10 30 0.195 0.38 2.01074 2 0.02025
DATE: 6/25/92
IGC EXPERIMENT: Pit 3 fines
FILE:IGC1 B.WQ1
COLUMN # : 1 
TEMP OVEN (C): 50 
TEMP COLUMN (C): 30 
FINES (LESS THAN 200 MESH) 
Relative H um id ity 87%
COMPOUNDS AMOUNT
%
METHANE 100
METHANE 100
TCE 100
TCE 100
TCE 50
TCE 50
TCE 10
TCE 10
PCE 100
PCE 100
PCE 50
PCE 50
PCE 10
PCE 10
TCA 100
TCA 100
TCA 50
TCA 50
TCA 10
TCA 10
TETRACHLOROETHANE 100
TETRACHLOROETHANE 100
TETRACHLOROETHANE 50
TETRACHLOROETHANE 50
TETRACHLOROETHANE 10
TETRACHLOROETHANE 10
PENTANE 100
PENTANE 100
PENTANE 50
PENTANE 50
PENTANE 10
PENTANE 10
BENZENE 100
BENZENE 100
BENZENE 50
BENZENE 50
BENZENE 10
BENZENE 10
TOLUENE 100
TOLUENE 100
TOLUENE 50
TOLUENE 50
TOLUENE 10
TOLUENE 10
FLOW RATE SOIL MASS TEMP ROOM (C): 
(m l/m in) grams
9.985 0.908
flow  rate from  Dr. Steinberg
CHART SPEED To Tr K
(CM/MIN) (m in) (m in) (m l/g)
30 0.142 0.142
30 0.142 0.142
30 0.142 0.158 0.17595
30 0.142 0.157 0.16495
30 0.142 0.158 0.17595
30 0.142 0.158 0.17595
30 0.142 0.158 0.17595
30 0.142 0.16 0.19795
30 0.142 0.16 0.19795
30 0.142 0.153 0.12097
30 0.142 0.16 0.19795
30 0.142 0.16 0.19795
30 0.142 0.163 0.23094
30 0.142 0.163 0.23094
30 0.142 0.153 0.12097
30 0.142 0.153 0.12097
30 0.142 0.153 0.12097
30 0.142 0.15 0.08798
30 0.142 0.153 0.12097
30 0.142 0.153 0.12097
10 0.142 0.32 1.95746
10 0.142 0.34 2.1774
10 0.142 0.33 2.06743
10 0.142 0.32 1.95746
10 0.142 0.34 2.1774
10 0.142 0.33 2.06743
20 0.142 0.142 0
20 0.142 0.142 0
20 0.142 0.143 0.011
20 0.142 0.147 0.05498
20 0.142 0.15 0.08798
20 0.142 0.15 0.08798
20 0.142 0.158 0.17595
20 0.142 0.156 0.15396
20 0.142 0.158 0.17595
20 0.142 0.157 0.16495
20 0.142 0.16 0.19795
20 0.142 0.16 0.19795
20 0.142 0.167 0.27492
20 0.142 0.16 0.19795
20 0.142 0.162 0.21994
20 0.142 0.162 0.21994
20 0.142 0.167 0.27492
20 0.142 0.167 0.27492
AVG STD
0.18 0.00987
0.2 0.0367
0.12 0.01229
2.07 0.08979
0.04 0.03845
0.18 0.01608
0.24 0.03201
COMPOUNDS AMOUNT CHART SPEED Ro Rt K AVG STD
% (CM/MIN) (min) (m in) (m l/g)
ETHYLBENZENE 100 30 0.142 0.172 0.32991
ETHYLBENZENE 100 30 0.142 0.173 0.34091
ETHYLBENZENE 50 30 0.142 0.17 0.30791
ETHYLBENZENE 50 30 0.142 0.17 0.30791
ETHYLBENZENE 10 30 0.142 0.173 0.34091
ETHYLBENZENE 10 30 0.142 0.173 0.34091 0.33 0.01478
C.BENZENE 100 30 0.142 0.18 0.41788
C.BENZENE 100 30 0.142 0.175 0.3629
C.BENZENE 50 30 0.142 0.176 0.3739
C.BENZENE 50 30 0.142 0.175 0.3629
C.BENZENE 10 30 0.142 0.18 0.41788
C.BENZENE 10 30 0.142 0.18 0.41788 0.39 0.02592
HEPTANE 100 30 0.142 0.153 0.12097
HEPTANE 100 30 0.142 0.15 0.08798
HEPTANE 50 30 0.142 0.15 0.08798
HEPTANE 50 30 0.142 0.15 0.08798
HEPTANE 10 30 0.142 0.15 0.08798
HEPTANE 10 30 0.142 0.15 0.08798 0.09 0.01229
DATE: 6/29/92
IGC EXPERIMENT: Pit 3 fines
FILE:IGC1C1.WQ1
COLUMN # :  1 FLOW RATE SOIL MASS
TEMP OVEN (C): 40.2 (m l/m in) grams
TEMP COLUMN (C): 30 10.693 0.908
FINES (LESS THAN 200 MESH)
R elative  H um id ity  61%
TEMP ROON (C
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG
% (CM/MIN) (m ln) (mln) (m l/g)
METHANE 100 30 0.120 0.12
METHANE 100 30 0.123 0.123
TCE 100 30 0.122 0.135 0.15898
TCE 100 30 0.122 0.137 0.18253
TCE 50 30 0.122 0.13 0.1001
TCE 50 30 0.122 0.133 0.13543
TCE 10 30 0.122 0.135 0.15898
TCE 10 30 0.122 0.133 0.13543 0.15
PCE 100 30 0.122 0.137 0.18253
PCE 50 30 0.122 0.135 0.15898
PCE 50 30 0.122 0.135 0.15898
PCE 10 30 0.122 0.135 0.15898
PCE 10 30 0.122 0.138 0.19431 0.17
TCA 100 30 0.122 0.127 0.06477
TCA 100 30 0.122 0.13 0.1001
TCA 50 30 0.122 0.133 0.13543
TCA 50 30 0.122 0.127 0.06477
TCA 10 30 0.122 0.133 0.13543
TCA 10 30 0.122 0.133 0.13543 0.11
TETRACHLOROETHANE 100 10 0.122 0.31 2.21985
TETRACHLOROETHANE 100 10 0.122 0.315 2.27873
TETRACHLOROETHANE 50 10 0.122 0.31 2.21985
TETRACHLOROETHANE 50 10 0.122 0.34 2.57314
TETRACHLOROETHANE 10 10 0.122 0.4 3.27972
TETRACHLOROETHANE 10 10 0.122 0.305 2.16096 2.46
PENTANE 100 20 0.122 0.113 -0.1001
PENTANE 100 20 0.122 0.12 -0.0177
PENTANE 50 20 0.122 0.122 0.00589
PENTANE 50 20 0.122 0.126 0.07655
PENTANE 10 20 0.122 0.128 0.07655
PENTANE 10 20 0.122 0.128 0.07655 0.02
BENZENE 100 20 0.122 0.135 0.15898
BENZENE 100 20 0.122 0.133 0.13543
BENZENE 50 20 0.122 0.138 0.19431
BENZENE 50 20 0.122 0.14 0.21786
BENZENE 10 20 0.122 0.14 0.21786
BENZENE 10 20 0.122 0.143 0.25319 0.2
TOLUENE 100 20 0.122 0.14 0.21786
TOLUENE 100 20 0.122 0.138 0.19431
TOLUENE 50 20 0.122 0.11 -0.1354
TOLUENE 50 20 0.122 0.135 0.15898
TOLUENE 10 20 0.122 0.14 0.21786
TOLUENE 10 20 0.122 0.14 0.21786 0.15
30.2
STD
0.02582
0.0149
0.03171
0.39205
0.06536
0.0393
0.12728
FLOW RATE 
(m l/m in) 
10.153
COMPOUNDS AMOUNT CHART SPEED Ro Rt K
% (CM/MIN) (m ln) (m in) (m l/g)
METHANE 100 30 0.123 0.123 0
METHANE 100 30 0.127 0.127 0
ETHYLBENZENE 100 30 0.125 0.15 0.27955
ETHYLBENZENE 100 30 0.125 0.15 0.27955
ETHYLBENZENE 50 30 0.125 0.148 0.25719
ETHYLBENZENE 50 30 0.125 0.147 0.24601
ETHYLBENZENE 10 30 0.125 0.15 0.27955
ETHYLBENZENE 10 30 0.125 0.15 0.27955
AVG
0.27
STD
0.01357
DATE: 7/2/92
IGC EXPERIMENT: Pit 3 lines
COLUMN # :  1 
TEMP OVEN (C): 40.2 
TEMP COLUMN (C): 30 
FINES (LESS THAN 200 MESH) 
Relative H um id ity: 61%
COMPOUNDS AMOUNT
%
METHANE 100
METHANE 100
TCE 100
TCE 100
TCE 50
TCE 50
TCE 10
TCE 10
PCE 100
PCE 100
PCE 50
PCE 50
PCE 10
PCE 10
BENZENE 100
BENZENE 100
BENZENE 50
BENZENE 50
BENZENE 10
BENZENE 10
TOLUENE 100
TOLUENE 100
TOLUENE 50
TOLUENE 50
TOLUENE 10
TOLUENE 10
IGC1C2.WQ1
SOIL MASS ROOM TEMP 29.5 C
grams
0.908
flow  rate 10.43 TEMP CORRECTED
^T SPEED To Tr K AVG STD
M/MIN) (m ln) (m in) (m l/g)
30 0.123 0.123
30 0.127 0.127
30 0.125 0.145 0.229674
30 0.125 0.14 0.172256
30 0.125 0.14 0.172256
30 0.125 0.138 0.149288
30 0.125 0.14 0.172256
30 0.125 0.14 0.172256 0.178 0.02459
30 0.125 0.14 0.172256
30 0.125 0.137 0.137804
30 0.125 0.138 0.149288
30 0.125 0.138 0.149288
30 0.125 0.138 0.149288
30 0.125 0.142 0.195223 0.15886 0.01923
20 0.125 0.137 0.137804
20 0.125 0.137 0.137804
20 0.125 0.14 0.172256
20 0.125 0.14 0.172256
20 0.125 0.142 0.195223
20 0.125 0.142 0.195223 0.16843 0.0236
20 0.125 0.145 0.229674
20 0.125 0.14 0.172256
20 0.125 0.143 0.206707
20 0.125 0.143 0.206707
20 0.125 0.143 0.206707
20 0.125 0.142 0.195223 0.20288 0.01712
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DATE: 7 /6 /92 AND 7/7/92 
IGC EXPERIMENT: Pit 3 fines
File: IGC1D.WQ1
COLUMN # :  1 SOIL MASS
TEMP OVEN (C): 30 grams
TEMP COLUMN (C): 30 0.908
FINES (LESS THAN 200 MESH) flo w  rate
PERCENT MOISTURE:
AIR TEMP 30
10.07
COMPOUNDS AMOUNT CHART SPEED To Tr K
% (CM/MIN) (mln) (min) (m l/g)
METHANE 100 30 0.167 0.167
METHANE 100 30 0.162 0.162
TCE 100 30 0.165 0.17 0.060997
TCE 100 30 0.165 0.167 0.027726
TCE 50 30 0.165 0.167 0.027726
TCE 50 30 0.165 0.167 0.027726
TCE 10 30 0.165 0.17 0.060997
TCE 10 30 0.165 0.17 0.060997
7/7/92 SAME CONDITIONS AS 7/6/9 flow  rat 10.48
METHANE 100 30 0.167 0.167
METHANE 100 30 0.167 0.167
TCE 100 30 0.167 0.175 0.092335
TCE 100 30 0.167 0.175 0.092335
TCE 50 30 0.167 0.175 0.092335
TCE 50 30 0.167 0.177 0.115419
TCE 10 30 0.167 0.178 0.12696
TCE 10 30 0.167 0.178 0.12696
PCE 100 30 0.167 0.18 0.150044
PCE 100 30 0.167 0.178 0.12696
PCE 50 30 0.167 0.178 0.12696
PCE 50 30 0.167 0.18 0.150044
PCE 10 30 0.167 0.18 0.150044
PCE 10 30 0.167 0.167 0
TCA 100 30 0.167 0.172 0.057709
TCA 100 30 0.167 0.167 0
TCA 50 30 0.167 0.172 0.057709
TCA 50 30 0.167 0.172 0.057709
TCA 10 30 0.167 0.175 0.092335
TCA 10 30 0.167 0.173 0.069251
PENTANE 100 30 0.167 0.151 -0.18467
PENTANE 100 30 0.167 0.155 -0.1385
PENTANE 50 30 0.167 0.162 -0.05771
PENTANE 50 30 0.167 0.162 -0.05771
PENTANE 10 30 0.167 0.167 0
PENTANE 10 30 0.167 0.163 -0.04617
BENZENE 100 30 0.167 0.182 0.173128
BENZENE 100 30 0.167 0.17 0.034626
BENZENE 50 30 0.167 0.182 0.173128
BENZENE 50 30 0.167 0.183 0.18467
BENZENE 10 30 0.167 0.183 0.18467
BENZENE 10 30 0.167 0.185 0.207753
TOLUENE 100 30 0.167 0.185 0.207753
TOLUENE 100 30 0.167 0.19 0.265463
TOLUENE 50 30 0.167 0.183 0.18467
TOLUENE 50 30 0.167 0.185 0.207753
TOLUENE 10 30 0.167 0.19 0.265463
TOLUENE 10 30 0.167 0.193 0.300088
AVG
0.10772
0.11734
0.05579
-0.0808
0.15966
0.23853
STD
0.01664
0.01586
0.05348
0.02781
0.0618
0.0571
0.0409
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DATE: 7/15/92
IGC EXPERIMENT: TREATED W/HCL
File: IGC2A.WQ1
COLUMN # :  2 SOIL MASS ROOM TEMP 31
TEMP OVEN (C ): 34.1 0.86
TEMP COLUMN (C): 30
FINES (LESS THAN 200 MESH) FLOW RATE 12.16 m l/m ln  
RELATIVE HUMIDITY: 69%
COMPOUNDS AMOUNT CHART SPEED To Ro K
% (CM/MIN) (m in) (m ln) (m l/g)
METHANE 100 30 0.160 0.16
METHANE 100 30 0.160 0.16
TCE 100 30 0.160 0.261 1.428078
TCE 100 30 0.160 0.259 1.399799
TCE 50 30 0.160 0.25 1.272544
TCE 50 30 0.160 0.248 1.244266
TCE 10 30 0.160 0.242 1.159429
TCE 10 30 0.160 0.242 1.159429
TCA 100 30 0.160 0.253 1.314963
TCA 100 30 0.160 0.253 1.314963
TCA 50 30 0.160 0.256 1.357381
TCA 50 30 0.160 0.256 1.357381
TCA 10 30 0.160 0.252 1.300823
TCA 10 30 0.160 0.25 1.272544
PCE 100 30 0.160 0.327 2.361277
PCE 100 30 0.160 0.33 2.403695
PCE 50 30 0.160 0.308 2.092629
PCE 50 30 0.160 0.312 2.149186
PCE 10 30 0.160 0.293 1.880538
PCE 10 30 0.160 0.295 1.908817
PENTANE 100 30 0.160 0.167 0.098976
PENTANE 100 30 0.160 0.165 0.070697
PENTANE 50 30 0.160 0.172 0.169673
PENTANE 50 30 0.160 0.17 0.141394
PENTANE 10 30 0.160 0.177 0.240369
PENTANE 10 30 0.160 0.178 0.254509
FLOW RATE 12.01 m l/m ln
METHANE 100 30 0.165
METHANE 100 30 0.162
HEPTANE 100 30 0.164 0.248 1.180088
HEPTANE 100 30 0.164 0.247 1.166122
HEPTANE 50 30 0.164 0.252 1.23595
HEPTANE 50 30 0.164 0.25 1.208019
HEPTANE 10 30 0.164 0.253 1.249916
HEPTANE 10 30 0.164 0.255 1.277847
BENZENE 100 30 0.164 0.3 1.906296
BENZENE 100 30 0.164 0.3 1.906296
BENZENE 50 30 0.164 0.295 1.836468
BENZENE 50 30 0.164 0.293 1.808537
BENZENE 10 30 0.164 0.27 1.48733
BENZENE 10 30 0.164 0.275 1.557157
TOLUENE 100 30 0.164 0.525 5.048542
AVG
1.27726
1.31968
2.13269
0.1626
1.21966
1.75035
STD
0.10539
0.03018
0.20053
0.06769
0.03902
0.1663
TOLUENE 100 15 0.164 0.52 4.978714
TOLUENE 50 15 0.164 0.473 4.322334
TOLUENE 50 15 0.164 0.48 4.420092
TOLUENE 10 15 0.164 0.44 3.861471
TOLUENE 10 15 0.164 0.437 3.819574
E. BENZENE 100 15 0.164 0.91 10.42527
E. BENZENE 100 15 0.164 0.91 10.42527
E. BENZENE 50 15 0.164 0.837 9.405789
E. BENZENE 50 15 0.164 0.837 9.405789
E. BENZENE 10 15 0.164 0.773 8.511995
E. BENZENE 10 15 0.164 0.773 8.511995
FLOW RATE 11.43 m l/m in
METHANE 100 30 0.167
METHANE 100 30 0.168
TETRACHLOROETHANE 100 15 0.168 1.02 11.33257
TETRACHLOROETHANE 100 15 0.168 1.02 11.33257
TETRACHLOROETHANE 50 15 0.168 1.01 11.19964
TETRACHLOROETHANE 50 15 0.168 1.01 11.19964
TETRACHLOROETHANE 10 15 0.168 1.03 11.4655
TETRACHLOROETHANE 10 15 0.168 1.03 11.4655
C.BENZENE 100 15 0.168 0.413 3.263514
C.BENZENE 100 15 0.168 0.4 3.090701
C.BENZENE 50 15 0.168 0.38 2.824834
C.BENZENE 50 15 0.168 0.367 2.652021
C.BENZENE 10 15 0.168 0.367 2.652021
C.BENZENE 10 15 0.168 0.367 2.652021
TCE 100 30 0.168 0.225 0.764367
TCE 100 30 0.168 0.227 0.790954
TCE 50 30 0.168 0.223 0.73778
TCE 50 30 0.168 0.218 0.671314
TCE 10 30 0.168 0.217 0.65802
TCE 10 30 0.168 0.223 0.73778
4.40845
9.44769
11.3326
0.7267
0.48105
0.78165
0.10854
0.24047
0.04757
DATE: 7/22/92 Fils: IGC2B.WQ1
IGC EXPERIMENT: TREATED W/HCL
COLUMN # :  2 SOIL MASS TEMP ROOM (C): 29.0
TEMP OVEN (C): 39.6 0.86
TEMP COLUMN (C ): 30
FINES (LESS THAN 200 MESH) FLOW RATE 10.03
RELATIVE HUMIDITY: 81% TEMP CORRECTED
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG STD
% (CM/MIN) (m ln) (m ln) (m l/g)
METHANE 100 30 0.180 0
METHANE 100 30 0.183 0
TCE 100 30 0.182 0.22 0.449157
TCE 100 30 0.182 0.22 0.449157
TCE 50 30 0.182 0.22 0.449157
TCE 50 30 0.182 0.218 0.425824
TCE 10 30 0.182 0.223 0.484156
TCE 10 30 0.182 0.22 0.449157 0.4511 0.01706
TCA 100 30 0.182 0.21 0.332493
TCA 100 30 0.182 0.21 0.332493
TCA 50 30 0.182 0.21 0.332493
TCA 50 30 0.182 0.208 0.30916
TCA 10 30 0.182 0.21 0.332493
TCA 10 30 0.182 0.208 0.30916 0.32472 0.011
PCE 100 30 0.182 0.235 0.624153
PCE 100 30 0.182 0.235 0.624153
PCE 50 30 0.182 0.23 0.565821
PCE 50 30 0.182 0.23 0.565821
PCE 10 30 0.182 0.23 0.565821
PCE 10 30 0.182 0.233 0.60082 0.5911 0.02645
TETRACHLOROETHANE 100 5 0.182 0.84 7.682331
TETRACHLOROETHANE 100 5 0.182 0.83 7.565667
TETRACHLOROETHANE 50 5 0.182 0.84 7.682331
TETRACHLOROETHANE 50 5 0.182 0.84 7.682331
TETRACHLOROETHANE 10 5 0.182 0.85 7.798995
TETRACHLOROETHANE 10 5 0.182 0.86 7.915659 7.72122 0.10999
HEPTANE 100 30 0.182 0.207 0.297493
HEPTANE 100 30 0.182 0.205 0.274161
HEPTANE 50 30 0.182 0.207 0.297493
HEPTANE 50 30 0.182 0.207 0.297493
HEPTANE 10 30 0.182 0.208 0.30916
HEPTANE 10 30 0.182 0.208 0.30916 0.29749 0.01167
BENZENE 100 30 0.182 0.233 0.60082
BENZENE 100 30 0.182 0.233 0.60082
BENZENE 50 30 0.182 0.233 0.60082
BENZENE 50 30 0.182 0.233 0.60082
BENZENE 10 30 0.182 0.233 0.60082
BENZENE 10 30 0.182 0.233 0.60082 0.60082 0
TOLUENE 100 30 0.182 0.275 1.090809
TOLUENE 100 15 0.182 0.275 1.090809
TOLUENE 50 15 0.182 0.267 0.997478
TOLUENE 50 15 0.182 0.265 0.974145
TOLUENE 10 15 0.182 0.263 0.950812
TOLUENE 10 15 0.182 0.263 0.950812 1.00914 0.05987
DATE: 7/24/92 Filo: IGC2C.WQ1
IGC EXPERIMENT: TREATED W /HCL
COLUMN # :  2 SOIL MASS AIR TEMP 25.9
TEMP OVEN (C): 51.3 0.88
TEMP COLUMN (C): 30
FINES (LESS THAN 200 MESH) FLOW RATE 5.636
RELATIVE HUMIDITY: 87% TEMP CORRECTED
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG STD
% (CM/MIN) (m ln) (m ln) (m l/g)
METHANE 100 30 0.217 0
METHANE 100 30 0.213 0
TCE 100 30 0.215 0.250 0.229383
TCE 100 30 0.215 0.247 0.209722
TCE 50 30 0.215 0.243 0.183506
TCE 50 30 0.215 0.248 0.216275
TCE 10 30 0.215 0.250 0.229383
TCE 10 30 0.215 0.250 0.229383 0.21628 0.01649
TCA 100 30 0.215 0.235 0.131076
TCA 50 30 0.215 0.235 0.131076
TCA 10 30 0.215 0.238 0.150737 0.13763 0.00927
PCE 100 30 0.215 0.26 0.294921
PCE 50 30 0.215 0.257 0.27526
PCE 10 30 0.215 0.255 0.262152 0.27744 0.01347
TETRACHLOROETHANE 100 5 0.215 0.86 4.2272
TETRACHLOROETHANE 50 5 0.215 0.86 4.2272
TETRACHLOROETHANE 10 5 0.215 0.86 4.2272 4.2272 0
BENZENE 100 30 0.215 0.248 0.216275
BENZENE 50 30 0.215 0.25 0.229383
BENZENE 10 30 0.215 0.253 0.249044 0.23157 0.01347
DATE: 7/27/92 File: IGC2D.WQ1
IGO EXPERIMENT: TREATED W /HCL
C O L U M N # : 2 SOIL MASS (g) 0.86 room tem p 26.2 C
TEMP OVEN (C): 32.2 
TEMP COLUMN (C ):3 0
FINES (LESS THAN 200 MESH) FLOW RATE 8.608
RELATIVE HUMIDITY: 69% CORRECTED FOR TEMP
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG STD
% (CM/MIN) (m ln) (m in) (m l/g)
METHANE 100 30 0.180 0
TCE 100 30 0.160 0.197 0.170157
TCE 50 30 0.180 0.198 0.180166
TCE 10 30 0.180 0.198 0.180166 0.17683 0.00472
TCA 100 30 0.180 0.183 0.030028
TCA 50 30 0.180 0.19 0.100092
TCA 10 30 0.180 0.188 0.080074 0.09759 0.05408
PCE 100 30 0.180 0.207 0.27025
PCE 50 30 0.180 0.207 0.27025
PCE 10 30 0.180 0.212 0.320296 0.28693 0.02359
TETRACHLOROETHANE 100 5 0.180 0.5 3.20296
TETRACHLOROETHANE 50 5 0.180 0.51 3.303052
TETRACHLOROETHANE 10 5 0.180 0.53 3.503237 3.33642 0.12484
BENZENE 100 30 0.180 0.2 0.200185
BENZENE 50 30 0.180 0.2 0.200185
BENZENE 10 30 0.180 0.203 0.230213 0.21019 0.01416
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DATE: 8/7/92 Fils: IGC3A.WQ1
IGC EXPERIMENT: SOIL UNTREATED
COLUMN # :  3 SOIL MASS (g) ROOM TEMP 26 .4 C
TEMP OVEN (C ): 33.0 0.84
TEMP COLUMN (C): 20
FINES (LESS THAN 200 MESH) FLOW RATE 9.731
RELATIVE HUMIDITY: 91% CORRECTED FOR TEMP
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG
% (CM/MIN) (m ln) (m in) (m l/g)
METHANE 100 30 0.178 0
METHANE 100 30 0.178 0
TCE 100 30 0.178 0.193 0.173768
TCE 100 30 0.178 0.190 0.139014
TCE 50 30 0.178 0.190 0.139014
TCE 50 30 0.178 0.193 0.173768
TCE 10 30 0.178 0.195 0.196937
TCE 10 30 0.178 0.195 0.196937 0.16991
TCA 100 30 0.178 0.187 0.104261
TCA 50 30 0.178 0.183 0.057923
TCA 10 30 0.178 0.183 0.057923 0.07337
PCE 100 30 0.178 0.198 0.23169
PCE 50 30 0.178 0.205 0.312782
PCE 10 30 0.178 0.198 0.23169 0.25872
TETRACHLOROETHANE 100 5 0.178 0.56 4.425288
TETRACHLOROETHANE 50 5 0.178 0.58 4.656979
TETRACHLOROETHANE 10 5 0.178 0.58 4.656979 4.57975
BENZENE 100 30 0.178 0.2 0.25486
BENZENE 50 30 0.178 0.197 0.220106
BENZENE 10 30 0.178 0.213 0.405458 0.29347
TOLUENE 100 30 0.178 0.2 0.25486
TOLUENE 50 30 0.178 0.205 0.312782
TOLUENE 10 30 0.178 0.2 0.25486 0.27417
E. BENZENE 100 30 0.178 0.227 0.567642
E. BENZENE 50 30 0.178 0.218 0.463381
E. BENZENE 10 30 0.178 0.22 0.48655 0.50586
C.BENZENE 100 30 0.178 0.233 0.637149
C.BENZENE 50 30 0.178 0.233 0.637149
C.BENZENE 10 30 0.178 0.232 0.625564 0.63329
STD
0.0238
0.02184
0.03823
0.10922
0.08045
0.0273
0.0447
0.00546
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DATE: 8/29/92 Fils: IGC4A.WQ1
IGC EXPERIMENT: SOIL TREATED IN SOLUTION OF 2g HUMIC ACID IN 200M L OF WATER
COLUMN # : 4 SOIL MASS ROOM TEMP 28.6
TEMP OVEN (C): 30.1 0.833
TEMP COLUMN (C): 30
FINES (LESS THAN 200 MESH) FLOW RATE 9.722
RELATIVE HUMIDITY: 59% CORRECTED FOR TEMP
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG
% (CM/MIN) (mln) (m ln) (m l/g)
METHANE 100 30 0.205 0
METHANE 100 30 0.205 0
TCE 100 30 0.205 0.367 1.890779
TCE 100 30 0.205 0.368 1.902451
TCE 50 30 0.205 0.367 1.890779
TCE 50 30 0.205 0.367 1.890779
TCE 10 30 0.205 0.368 1.902451 1.89545
TCA 100 30 0.205 0.393 2.194238
TCA 50 30 0.205 0.395 2.217581
TCA 10 30 0.205 0.393 2.194238 2.20202
PCE 100 30 0.205 0.517 3.641501
PCE 50 30 0.205 0.502 3.466429
PCE 10 30 0.205 0.51 3.559801 3.55591
TETRACHLOROETHANE 100 1 0.205 3.9 43.12611
TETRACHLOROETHANE 50 1 0.205 4 44.29326
TETRACHLOROETHANE 10 1 0.205 4.35 48.37828 45.2659
BENZENE 100 15 0.205 0.44 2.742797
BENZENE 50 15 0.205 0.43 2.626083
BENZENE 10 15 0.205 0.417 2.474353 2.61441
TOLUENE 100 15 0.205 0.833 7.329688
TOLUENE 50 15 0.205 0.813 7.096259
TOLUENE 10 15 0.205 0.82 7.177959 7.2013
E. BENZENE 100 15 0.205 1.71 17.56557
E. BENZENE 50 15 0.205 1.68 17.21543
E. BENZENE 10 15 0.205 1.7 17.44886 17.41
C.BENZENE 100 15 0.205 1.16 11.14626
C. BENZENE 50 15 0.205 1.14 10.91283
C.BENZENE 10 15 0.205 1.17 11.26298 11.1074
STD
0.00572
0.011
0.07153
2.25179
0.1099
0.09672
0.14557
0.14557
DATE: 9 /2 /92 File: IGC5A.WQ1
IGC EXPERIMENT: 10 MIXTURE OF SOIL AND CRUSHED HUMIC ACID
COLUMN # :  5 SOIL MASS
TEMP OVEN (C): 30.7 0.789 ROOM TEMP 24 C
TEMP COLUMN (C): 30
FINES (LESS THAN 200 MESH) FLOW RATE 9.778
RELATIVE HUMIDITY: 58% CORRECTED FOR TEMP
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG STD
% (CM /M IN) (mln) (mln) (m l/g)
METHANE 100 30 0.195 0
METHANE 100 30 0.197 0
TCE 100 10 0.196 0.265 0.855136
TCE 100 10 0.196 0.270 0.917102
TCE 50 10 0.196 0.280 1.041035
TCE 50 10 0.196 0.280 1.041035
TCE 10 10 0.196 0.290 1.164968
TCE 10 10 0.196 0.290 1.164968 1.03071 0.11547
TCA 100 10 0.196 0.24 0.545304
TCA 50 10 0.196 0.243 0.582484
TCA 10 10 0.196 0.26 0.79317 0.64032 0.10914
PCE 100 10 0.196 033 1.660699
PCE 50 10 0.196 0 3 6 2.032497
PCE 10 10 0.196 0.39 2.404295 2.0325 0.30357
TETRACHLOROETHANE 100 1 0.196 2 22.35747
TETRACHLOROETHANE 50 1 0.196 2 22.35747
TETRACHLOROETHANE 10 1 0.196 2 22.35747 22.3575 0
HEPTANE 100 10 0.196 0.28 1.041035
HEPTANE 50 10 0.196 0.278 1.016249
HEPTANE 10 10 0.196 0.29 1.164968 1.07408 0.06506
BENZENE 100 10 0.196 0.29 1.164968
BENZENE 50 10 0.196 0.29 1.164968
BENZENE 10 10 0.196 0.295 1.226934 1.18562 0.02921
TOLUENE 100 10 0.196 0.445 3.085926
TOLUENE 50 10 0.196 0.445 3.085926
TOLUENE 10 10 0.196 0.48 3.51969 3.23051 0.20448
E. BENZENE 100 1 0.196 0.8 7.485538
E. BENZENE 50 1 0.196 0.85 8.105202
E. BENZENE 10 1 0.196 0.85 8.105202 7.89865 0.29211
C. BENZENE 100 1 0.196 0.65 5.626547
C .BENZENE 50 1 0.196 0.67 5.874412
C. BENZENE 10 1 0.196 0.7 6.246211 5.91572 0.25466
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DATE: 9/22/92 File: IGC6A.WQ1
IGC EXPERIMENT: TREATED SOIL WITH 15% HYDROGEN PEROXIDE
COLUMN # :  6 SOIL MASS
TEMP OVEN (C): 29.9 1 ROOM TEMP 28.2 C
TEMP COLUMN (C): 30
FINES (LESS THAN 200 MESH) FLOW RATE 10.24
RELATIVE HUMIDITY: 68% CORRECTED FOR TEMP
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG STD
% (CM/MIN) (m ln) (m ln) (m l/g)
METHANE 100 30 0.183 0
METHANE 100 30 0.187 0
TCE 100 30 0.185 0.250 0.665876
TCE 100 30 0.185 0.255 0.717098
TCE 50 30 0.185 0.257 0.737586 0.70685 0.03016
TCA 100 30 0.185 0.282 0.993692
TCA 50 30 0.185 0.273 0.901494
TCA 10 30 0.185 0.26 0.768319 0.88784 0.09251
PCE 100 30 0.185 0.327 1.454684
PCE 50 30 0.185 0.325 1.434195
PCE 10 30 0.185 0.303 1.208822 1.3659 0.11139
COLUMN # :  17 SOIL MASS DATE 9-23-92
TEMP OVEN (C): 30.9 1 ROOM TEMP 27.9 C
TEMP COLUMN (C): 30 CONTIUATION OF 9-22-92 EXP
FINES (LESS THAN 200 MESH) FLOW RATE 10.31
RELATIVE HUMIDITY: 68% CORRECTED FOR TEMP
COMPOUNDS AMOUNT CHART SPEED To Tr K AVG STD
% (CM/MIN) (m ln) (m in) (g/D
METHANE 100 30 0.188 0
METHANE 100 30 0.187 0
TETRACHLOROETHANE 100 5 0.185 2.03 19.01423
TETRACHLOROETHANE 50 5 0.185 1.98 18.49894
TETRACHLOROETHANE 10 5 0.185 1.97 18.39588 18.6364 0.27049
HEPTANE 100 30 0.185 0.31 1.288227
HEPTANE 50 30 0.185 0.31 1.288227
HEPTANE 10 30 0.185 0.3 1.185169 1.25387 0.04858
BENZENE 100 15 0.185 0.45 2.731042
BENZENE 50 15 0.185 0.44 2.627983
BENZENE 10 15 0.185 0.39 2.112693 2.49057 0.27049
TOLUENE 100 15 0.185 0.84 6.75031
TOLUENE 50 15 0.185 0.77 6.028903
TOLUENE 10 15 0.185 0.66 4.895263 5.89149 0.76353
E. BENZENE 100 15 0.185 1.51 13.65521
E. BENZENE 50 5 0.185 1.38 12.31545
E. BENZENE 10 5 0.185 1.32 11.6971 12.5559 0.81728
C .BENZENE 100 5 0.185 0.79 6.235019
C. BENZENE 50 5 0.185 0.71 5.410554
C .BENZENE 10 5 0.185 0.64 4.689147 5.44491 0.63157
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DATE: 9/27/92 File: IGC6B.WQ1
IGC EXPERIMENT: TREATED SOIL WITH 15% HYDROGEN PEROXIDE
COLUMN # :  6 SOIL MASS
TEMP OVEN (C ): 41.5 1 ROOM TEMP 23.7 C
TEMP COLUMN (C): 30
FINES (LESS THAN 200 MESH) FLOW RATE 10.71
RELATIVE HUMIDITY: 81% CORRECTED FOR TEMP
COMPOUNDS AMOUNT CHART SPEED To Tr K
% (CM/MIN) (m ln) (m in) (mi/g)
METHANE 100 20 0.155 0
METHANE 100 30 0.157 0
TCE 100 30 0.156 0.220 0.685248
TCE 100 30 0.156 0.210 0.578178
TCE 50 30 0.156 0.210 0.578178
TCA 100 30 0.156 0.185 0.310503
TCA 50 30 0.156 0.185 0.310503
TCA 10 30 0.156 0.192 0.385452
PCE 100 30 0.156 0.2 0.471108
PCE 50 30 0.156 0.2 0.471108
PCE 10 30 0.156 0.2 0.471108
TETRACHLOROETHANE 100 5 0.156 1.17 10.8569
TETRACHLOROETHANE 50 5 0.156 1.18 10.96397
TETRACHLOROETHANE 10 5 0.156 1.17 10.8569
HEPTANE 100 30 0.156 0.173 0.182019
HEPTANE 50 30 0.156 0.177 0.224847
HEPTANE 10 30 0.156 0.177 0.224847
BENZENE 100 30 0.156 0.233 0.824439
BENZENE 50 30 0.156 0.235 0.845853
BENZENE 10 30 0.156 0.235 0.845853
TOLUENE 100 30 0.156 0.237 0.867267
TOLUENE SO 30 0.156 0.238 0.877974
TOLUENE 10 30 0.156 0.24 0.899388
E. BENZENE 100 30 0.156 0.253 1.038579
E. BENZENE 50 30 0.156 0.255 1.059993
E. BENZENE 10 30 0.156 0.255 1.059993
C. BENZENE 100 30 0.156 0.303 1.573929
C. BENZENE 50 30 0.156 0.307 1.616757
C .BENZENE 10 30 0.156 0.307 1.616757
PRESSURE 3.0 
AVG STD
0.61387 0.05047
0.33549 0.03533
0.47111 0
10.8926 0.05047
0.21057 0.02019
0.83872 0.01009
0.88154 0.01335
1.05286 0.01009
1.60248 0.02019
APPENDIX II (STATIC METHOD CALCULATIONS)
This appendix contains the spreadsheet to solve for Ks of TCE at various 
moisture contents (Equation 7).
i-f viCs= ( ^ - i2 )  -12 (7)
f g  m
where:
fg = VgCg/T  (fraction of VOC in vapor phase)
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SORPTION COEFFICIENT FOR TCE USING STATIC METHOD 
FINE SANDS
6 SAMPLES AT 1.5%wt (AIR-DRIED)
4 SAMPLES AT 6.5%wt (0.5ml WATER ADDED)
5 SAMPLES AT 11.5%wt (1.0ml WATER ADDED)
air-dried samples (1.5%)
Sample Run TCE EDB Ratio Vile Soil Water Tratlo
vp4 787 46490 282812 0.1644
tl4 788 530912 251179 2.1137 16.1 10 0 0.0778
vp5 789 23345 227273 0.1027
tl5 790 115555 147799 0.7818 16.9 9.99 0 0.1314
vp6 791 22003 229742 0.0958
tie 792 179238 205918 0.8704 16.5 9.98 0 0.11
vp1 753 61299 212431 0.2886
til 758 243216 175082 1.3892 15.9 9.96 0 0.2077
vp2 757 45980 183768 0.2502
tl2 759 347720 167138 2.0804 16.1 10 0 0.1203
vp3 754 36797 198589 0.1853
tl3 760 268710 154817 1.7357 15.1 10 0 0.1068
K avg
Kstd
Moisture 6.5%
vp1 781 231754 301472 0.7687
tl1 782 284422 189167 1.5035 16.4 9.98 0.5 0.5113
vp2 783 120554 209298 0.576
tl2 784 271252 264137 1.0269 15.1 10 0.5 0.5609
vp3 785 181223 213474 0.8489
tl3 786 271050 218404 1.241 15.3 9.99 0.5 0.684
vp1 767 207695 190468 1.0904
til 768 319222 239650 1.332 15.6 10 0.5 0.8186
K avg 
Kstd
K
14.017
8.3802
9.95
4.4709
8.6698
9.127
9.1024
2.7996
1.1174
0.8161
0.4888
0.2415
0.6659
0.3309
115
Moisture 11.5%
vp3 812 61436 188244 0.3264
tl3 813 108817 207247 0.5251 16.2 10 1 0.6216 0.6641
vp5 816 250037 226801 1.1025
tl5 817 198739 179819 1.1052 15.8 9.96 1 0.9975 0.0027
vp6 818 170462 303060 0.5625
tl6 819 148575 242528 0.6126 15.1 10 1 0.9182 0.0886
vp8 822 129401 244604 0.529
tl8 823 116124 219384 0.5293 15.3 9.98 1 0.9994 0.0006
vp9 824 179828 203711 0.8828
t!9 825 262010 218290 1.2003 16.2 10 1 0.7355 
K avg 
Kstd
0.3952
0.2302
0.2608
vp4 814 140375 267038 0.5257
tl4 815 132030 299048 0.4415 15.8 9.96 1 1.1907 -0.171
vp7 820 169594 240892 0.704
tl7 821 141929 204617 0.6936 15.3 9.98 1 1.015 -0.015
vp10 826 119495 242543 0.4927
tno 827 90226 274367 0.3289 14.6 9.97 1 1.4982 -0.315
K avg -0.167 
Kstd 0.1226
